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ABSTRACT 
In higher plants the glyoxylate cycle is responsible for the net 
conversion of two molecules of acetyl CoA, derived from n-oxidation 
of fatty acids, into succinate which serves as a substrate for 
carbohydrate synthesis. This pathway of gluconeogenesis is crucial 
during germination of fat storing seeds. The glyoxylate cycle enzymes 
are contained within subcellular organelles termed glyoxysomes. The 
key glyoxylate cycle enzymes malate synthase (MS) and isocitrate 
lyase are developmentally regulated In that they appear in the lipid 
storing organs during seed maturation, increase to high levels during 
germination and thereafter decline to undetectable levels. 
In the present work the complete sequences of a full length cDNA 
clone and a genomic clone encoding the Cucurnis sativus MS enzyme have 
been determined. Putative control regions at the 5' end of the gene, 
three introns, and possible alternative polyadenylation sites at the 
3' end have been identified. The deduced amino acid sequence predicts 
a polypeptide of 64,961 molecular weight, which has 48% identity with 
that of Escherichla coil. Comparison of the sequence of MS from 
cucumber with that from E. coil and with other glyoxysomal and 
peroxisomal enzymes, shows that a conserved C-terminal tripeptide is 
a common feature of those enzymes imported into microbodies. 
In vivo analysis of a 5119 bp fragment, containing the MS gene plus 
5' and 3' flanking regions, in transgenic Petunia and Nicotiana 
piumbaginifoila plants show that this fragment encodes a functional 
MS gene that is faithfully expressed, both temporally and spatially, 
in the heterologous host. 
Gene fusion studies using the -glucuronidase (GUS) reporter gene 
indicate that cl.s-acting elements necessary for transcriptional 
regulation of the MS gene are contained on a I078b promoter fragment 
that extends from position 'Oto position +44 relative to the start 
of transcription. Histochemical analysis of reporter gene activity 
reveal that GUS, under the control of the MS promoter, Is active in a 
tissue specific manner in the cotyledons of germinating seedlings. 
In addition to being expressed in a highly regulated manner during 
germination, MS also appears to be expressed in senescent cucumber 
leaves and in petals. The W7? bp MS promoter fragment also activates 
transcription of the GUS reporter gene in senescent leaves of 
transgenic N. piurobaginifolia. Possible control mechanisms for MS 
gene expression are discussed. 
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1.1 GENERAL OVERVIEW 
Differential gene expression is fundamental to plant development. 
Understanding the control of plant development will therefore require 
those mechanisms regulating gene expression to be elucidated. 
Investigation of such mechanisms requires specific genes to be 
isolated, regulatory regions to be identified, and interactions with 
cellular factors to be described. 
The process of seed germination is excellent for the study of 
differential gene expression. During germination, growth and 
differentiation of the embryo resumes following a period of 
quiescence. Many physiological and biochemical processes are unique 
to this stage in plant development (reviewed by Bewley and Black 
1985), The possibility that these processes are controlled by the 
activation and repression of distinct blocks of genes is now under 
intense investigation in many laboratories worldwide. Work in this 
laboratory has concentrated on one particular aspect of germination, 
that is the regulation of accumulation of malate synthase (MS), a key 
enzyme involved in gluconeogenesis during the growth of higher plant 
seedlings. 
In the following introduction to this work, an attempt will be made 
initially to provide relevant information on the physiology and 
biochemistry of seeds, with emphasis being placed on those aspects 
relating to lipid metabolism and the regulation of expression of 
malate synthase. This will be followed by an account of the molecular 
approaches used to investigate the regulation of gene expression in 
higher plants and a summary of the knowledge on gene structure and 
regulation which such approaches have provided. 
1.2 PHYSIOLOGY AND BIOCHEMISTRY OF SEEDS 
1.2.1 Seed structure 
In angiosperms, double fertilisation results in the formation of a 
diploid embryo (from the fusion of one male generative nucleus and 
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the ovum) and a triploid primary endosperm (from the fusion of the 
second male generative nucleus with the two polar nuclei). 
Development of the fertilized ovule leads to formation of the testa 
which is the product of one or both integuments of the ovule, and the 
perisperm which is derived from the nucellus. The degree to which 
these various components continue their development, or whether or 
not they are all maintained, varies greatly among seed types. The 
endosperm serves to provide essential food materials for the 
developing embryo and, in many cases, the young seedling. The embryo 
differentiates during einbryogenesis into two organ systems, the 
embryonic axis and one or more cotyledons (for a summary of the 
ontogenetic and physiological events that occur during seed 
development, see Goldberg et al., 1989). The cotyledons synthesise 
and store food reserves which are utilised during germination and 
early seedling growth. Once the seedling becomes photosynthetically 
competent the cotyledons senesce. The embryonic axis is composed of a 
shoot apical meristern with the first leaf primordium, 	a hypocotyl 
to which the cotyledons are attached, and a root primordium (radicle> 
with an apical meristern. The portion of the axis between the 
cotyledons and the leaf primordium is referred to as the epicotyl. 
Hypogeal germination occurs when the epicotyl elongates and the 
cotyledons remain below ground. Elongation of the hypocotyl during 
germination leads to the cotyledons being carried above ground in 
what is referred to as epigeal germination. The shoot and root apical 
meristems give rise to organ systems throughout the sporophytic stage 
of the life cycle 
Late in maturation, the seed loses greater than 957 of its water 
content and embryonic dormancy begins. Seed germination is generally 
defined as the period beginning with dry seed imbibition and 
terminating with radicle emergence through the testa (Bewley and 
Black, 1978), 
1.2.2 Seed storage reserves 
Seeds contain relatively large amounts of food reserves in the form 
of lipid, protein, carbohydrate, organic phosphate and various 
inorganic compounds. These reserves support growth and development of 
the seedling until it becomes photosynthetically competent. Seeds can 
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be grouped according to their major food reserve. Cereals and other 
Graminaceous plants store mainly polysaccharide though protein and 
lipid are also present. Legumes, as well as storing large amounts of 
carbohydrate, also contain high levels of protein but little lipid. 
The third group, oilseeds, store lipid as the main food reserve, but 
again substantial amounts of other reserves are also present. 
The work presented in this thesis focuses on the dicotyledonous 
oilseed plant Cucurnis sativus (cucumber), the cotyledons of which are 
the major storage organ. Petunia (Mitchell) and Nicotlana 
plumbaginifolia which have been used as heterologous hosts for the 
cucumber MS transgene (see chapter 4), are also dicotyledonous plants 
and these store food reserves of protein and lipid in the endosperm 
and cotyledons. Seed germination in all of these plants is epigeous. 
1.2.3 Differential gene expression during seed development and 
germination 
Qualitative studies on genes expressed during seed development reveal 
that more than 90% of the 15,000 diverse mRNA's present in mid-
maturation stage embryos persist throughout embryo development, are 
stored in the dry seed, and are alsopresent in postgermination 
ctl. 
cotyledons and mature leaves (Goldberg, 1989). The function of this 
set of RNAs is not known, but presumably they encode proteins 
required by different cell types. 
A small number of genes has been identified that encode prevalent 
mRNAs that are either specific to embryos or are present in embryos 
at a much higher level than at other periods of development (for a 
review, see Goldberg, 1989). These RNAs, which collectively encode 
fewer than 100 diverse proteins, can be divided into embryo-specific, 
early embryogenesis, seed protein, late embryogenesis, and late 
embryogenesis/early germination sets. With the exception of the 
storage protein mRNAs and the late embryogenesis mRNAs, thought to be 
involved in seed desICcation, most embryo-specific mRNAs encode 
proteins with functions that are not yet known. 
Extensive studies at the molecular Level have been carried out on the 
seed storage proteins from many plant species. They are encoded by 
multigene families, and their expression is highly regulated with 
regard to tissue specificity and developmental timing (Heidecker and 
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Messing 1986; Higgins, 1984). 
DesiCcation, which occurs during the late maturation stage of the 
embryo, is accompanied by lower levels of polyribosomes and 
polyadenylated RNA which is indicative of decreased rates of protein 
and RNA synthesis (for a review see Raghavan, 1986). Both abscisic 
acid, which normally peaks during the period of embryo dehydration, 
and dessication are considered to play a role in the maturation 
process and in preventing premature -germination of immature embryos 
(Quatrano, 1986). 
Imbibition is sufficient to induce germination in non-dormant seeds 
such as cucumber. Upon imbibition, non-dormant seeds of flowering 
plants undergo rapid increases in the rates of respiration and 
protein and RNA synthesis (Bewley and Black, 1985), That 
translational components, as well as mRNA, are stored in the dry seed 
is apparent as polyribosome formation can commence in the presence of 
RNA synthesis inhibitors (Payne, 1976). Following imbibition cellular 
organelles become metabolically activated and morphologically 
distinct, with the glyoxysomes of oilseeds, in particular, 
proliferating extensively (Jacobsen, 1984). It is during this time 
that food reserves are mobilized in the storage organs and axis of 
germinating seeds. 
The physiological and morphological changes which occur as plant 
growth and development is reinitiated appear to reflect changes at 
the level of mRNA accumulation. Distinct sets of embryonic mRNA's, 
such as those of soybean seed protein, are absent in the post-
germinative organs (Walling et al., 1986), while other mRNA sets, not 
present In developing or dry seeds, accumulate in germinating 
seedlings (for a review see Harada et al,, 1988b). One report on the 
detection of post-germination abundant mRNA's from Brassica napu.s L. 
during embryogeny suggests that sets of mRNA's may accumulate in 
preparation for seedling growth (Harada et al., 1988a). Continued 
work in this area will provide Information about the control of 
germination related processes. 
1.2.4 Hormonal control during germination. 
In germinating cereal grains, the cells of the aleurone layer respond 
to gibberellic acid by synthesising a-amylase and other hydrolytic 
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enzymes. For a-amylase at least, this Increase is due to an increase 
in the rate of transcription (Akazawa and Hara-Nishimura, 1985; 
Huttly and Baulcorabe, 1989; Jacobsen and Beach, 1985), Abscisic acid 
abolishes the effect of gibberellic acid on cx-amylase expression. The 
mechanism of action of this control is thought to be, as with 
gibberellic acid, at the level of transcription (Zwar and fiooley, 
1986). Deletion analysis of the promoter region of the a-amylase gene 
showed that similar regions of the promoter were involved in 
gibberellic acid and abscisic acid control. 
An exogen ous supply of gibberellic acid to castor bean (Ricinus 
comrnunls) seeds advances germination and increases the rate of lipid 
mobilisation during germination. This increase Is mirrored by a 
general Increase in the rate of transcription and, in turn, protein 
synthesis (Northcote, 1986). In castor bean, the appearance of both 
isocitrate lyase (ICL) and MS transcript levels are advanced during 
germination by the exogenous application of gibberellic acid (Martin 
et al., 1984; Rodriguez et al., 1987>. It is not known whether this 
effect is due to a synchronisation of cellular activity, so 
condensing the time scale for the developmental changes that occur, 
without altering the rate of activity in any particular cell, or to a 
more direct effect on rates of transcription in each cell. 
Exogenously applied abscisic acid results in opposite effects to 
those of gibberellic acid, with germination, and the production of 
ribosomal RNA and total mRNA all being inhibited (Northcote, 1986). 
The inhibition of malate synthase transcript accumulation during 
germination by abscisic acid Is counteracted by the addition of 
gibberellic acid (Rodriguez et a2., 1987). 	Unlike gibberellic acid,. 
abscisic acid does give some specific effects such as the stimulation 
of some mRNAs stored in the dry seed (Domxnes and Northcote, 1985). 
1.2.5 Lipid metabolism in seeds 
1.2.5.1 Biosynthesis 
Active deposition of lipids occurs over a short period in the 
development of the seed. The precise timing of this period varies 
depending on the seed type (Bewley and Black, 1983), Generally there 
is a lag phase of 2 to 4 weeks after pollination during which time 
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the embryo and seed coat develops. This is followed by a period of 
rapid synthesis which lasts for about 4 to 5 days, synthesis being 
complete within a further 15 to 20 days. The delay before initiation 
of fatty acid synthesis is due to the absence from the developing 
tissue of the appropriate anabolic enzymes. Lipid deposition is 
usually halted at about the time the seed begins to dehydrate (Bewley 
and Black, 1983). Hormonal regulation may play a role in the 
promotion and subsequent suppression of storage lipid synthesis in 
the developing seed. 
The anabolic sequence by which fatty acids are produced from acetyl 
CoA and ultimately esterified with glycerol to form the triglycerides 
involves three compartments of one cell; the cytosol, proplastid and 
endoplasmic reticulum, the latter becoming modified to form the lipid 
body (for details, see, Bewley and Black, 1985; Stymne and Stobart 
1987,). 
In all seeds, the storage lipid is packaged into simple organelles 
called lipid bodies. These small spherical organelles consist of a 
triacyl-glycerol core surrounded by a half-unit membrane comprised of 
a single layer of phospholipids and a few major proteins (Stymne and 
Stobart 1987). Regulation of lipid body biosynthesis during seed 
development and germination in maize has been investigated using a 
cDNA of the major lipid body protein, L3 (Bowman-Vance and Huang, 
1988). L3 synthesis is both spatially and temporally regulated at the 
level of transcription during seed development. L3 mRNA accumulates 
in the scutellum (a specialised tissue of the embryo) and embryonic 
axis, reaches a peak at the midpoint of seed development, decreases 
slowly to 20% of the peak level in the embryo of the mature seed, and 
declines rapidly to undetectable levels as the seed germinates. The 
plant growth regulator, abscisic acid, which retards germination, was 
found to extend the period of L3 gene expression at least in part by 
increasing the level of transcription (Bowman-Vance and Huang, 1988), 
The biogenesis of lipid bodies is a contentious area of research. 
The most tenable view at the moment is that lipid bodies develop from 
spherosomes which originate as vesicles from the endoplasmic 
reticulum (Stymne and Stobart 1987). 
1.2.5.2 Lipid mobilisation 
In postgerrninative growth, the lipid reserve is rapidly mobilized in 
oilseeds to provide energy and carbon skeletons for the growth of the 
embryo (Beevers, 1980). The conversion of triacyiglycerol to sucrose 
involves lipolysis, fatty acid activation, the s-oxidation cycle, the 
glyoxylate cycle, the conversion of succinate to phosphoenolpyruvate, 
and the reversal of glycolysis (for a review see Beevers, 1980; fig 
1.1). 
The first step in this process involves the hydrolysis of the 
triacylglycerols, contained in the lipid bodies. This hydrolysis is 
catalysed by highly active lipases and results in the production of 
fatty acids and glycerol (for a review of lipolytic enzymes in higher 
plants see Huang, 1987). In all oilseeds studied except castor bean, 
lipase activity is absent in the ungerminated seed and increases 
rapidly during post-germination (Huang 1987). 
The lipid bodies, glyoxysomes, and mitochondria are in close 
proximity or direct physical contact in vivo, presumably to 
facilitate transport of metabolites during gluconeogenesis (fig I.D. 
The glyoxysome converts the fatty acids to acetylcoenzyme A 
(acetyl-CoA) by p-oxidation (fig 1.1). In addition to the enzymes 
involved in s-oxidation the glyoxysome also contains all the enzymes 
catalysing the glyoxylate cycle, namely citrate synthase, aconitase, 
isocitrate lyase (ICL), MS and malate dehydrogenase (Beevers, 1980), 
The net result of the glyoxylate cycle is the synthesis of a C4 acid 
from two acetyl-00A molecules (fig 1.1). There are two essential 
features of the cycle. First, ICL converts isocitrate (Ce) to 
succinate (04) with the preservation of the other two carbons as 
glyoxylate rather than their release as CO,,_as would occur in the 
tricarboxylic acid cycle. Second MS catalyzes the synthesis of malate 
from glyoxylate and acetyl-CoA. Both ICL and MS are restricted to the 
glyoxysomes and are unique to the glyoxylate cycle. They are 
therefore excellent markers for glyoxysomes. The biogenesis and 
physiology of glyoxysomes, and the regulation of expression of these 
enzymes is dealt with in detail below. 
Isolated glyoxysomes accumulate 1 mole of NADH for each mole of 
acetyl-00A generated during n-oxidation of fatty acids (Beevers, 

















MATE 4 	/LYO 	
(Isocitrate lyase) 
NAD 	






OXALOACETATE 4 	MALATE 4 	 FUMARATE '4 	 SUCCINATE 
(Malate do- 	 (Fumarase) 	 (Succinate 






REVERSE GLYCOLYS kS 




Schematic representation of the pathways and compartments involved in 
lipid mobilisation during germination. PEP carboxykinase = 
phosphoenolpyr-uvate carboxykinase; NAD(H) = nicotinamide adenine 
diriucleotide/ (reduced). 
the glyoxylate cycle requires the oxidation of malate and thus the 
production of another 1 mole of NADH (Beevers 1980). In addition, a 
recent report indicates that glyoxysomal isocitrate dehydrogenase 
generates NADPH (Fang et al., 1987). n-oxidation, the glyoxylate 
cycle and isocitrate oxidation in glyoxysomes will therefore require 
a continuous supply of NAD and NADP. Two alternative explainations 
have been put forward as to how this supply is maintained in 
glyoxysomes. The first, which assumes that glyoxysomes do not contain 
an electron transport chain linking NADH to oxygen, relies on a 
malate-aspartate shuttle to transfer reducing equivalents between 
glyoxysomes and mitochondria (Mettler and Beevers, 1980). However, no 
evidence has been obtained for a specific transport mechanism for the 
proposed shuttle intermediates. The second explanation is based on 
the observation that an electron transport chain is present in the 
glyoxysomal membrane and this can be coupled to the dehydrogenase 
activities of the matrix enzymes resulting in oxidation of NADH and 
NADPH (Fang et al. , 1987). 
Succinate released from the glyoxylate cycle by ICL in the 
glyoxysome first has to pass Into the mitochondrion where it is 
oxidised to malate, since succinate dehydrogenase is not present in 
the cytosol (Cooper and Beevers, 1969). Either malate or oxaloacetate 
is transferred to the cytosol from the mitochondrion. 
The key enzyme in the conversion of a C, acid to sucrose in the 
cytosol is phosphoenolpyruvate carboxykinase which catalyzes the 
formation of phosphoenolpyruvate from oxaloacetate. Gluconeogenesis 
proceeds essentially by the reversal of glycolysis (Briedenbach and 
Beevers, 1967). Fructose- 1,6--bisphosphatase operates to bypass the 
remaining irreversible reaction of glycolysis, that catalysed by 
phosphofructokinase (Scala et al., 1968). 
1.2.6 Peroxisonies in higher plants 
1.2.6.1 Physiology 
Glyoxysomes are regarded as being specialised peroxisomes as they 
differ only in their enzyme complement. Peroxisomes are subcellular 
organelles which share a number of common characteristics but fulfil 
a diverse range of functions in different eukaryotic cell types 
Fen 
(Huang et al., 1983). These organelles are bounded by a single 
membrane, do not have internal membrane systems, and often contain 
fatty acid s-oxidation enzymes, hydrogen peroxide-producing oxidases, 
and catalase (Huang et a?., 1983). 
In higher plants, four metabolically distinct classes of 
peroxisomes have been identified: 1) glyoxysomes, which have already 
been discussed, occur In the storage tissue of germinating seed and 
are involved in lipid mobilisation; 2) leaf-type peroxisomes, which 
occur in leaves and photosynthetically active cotyledons, and 
function in photorespiration by converting glycolate to glycine and 
serine; 3) peroxisomes which occur in root nodules and are Involved 
in ureide metabolism; 4) 'unspecialised' peroxisomes whose precise 
physiological role or roles have not been determined, are detected in 
a number of organs including roots, petals, hypocotyls, tubers, and 
fruits (Beevers, 1979, Huang et a?., 1983), 	 - 
Peroxisomes can carry out such diverse physiological roles due to 
the accumulation of specific sets of enzymes within their structure. 
For example, enzymes involved In photorespiratlon such as 
hydroxypyruvate reductase and glycolate oxldase, are only detected at 
low levels in glyoxysomes but are prevalent In leaf-type peroxisomes. 
Glyoxysomes, on the other hand, are defined by the presence of the 
glyoxylate cycle enzymes MS and [CL. 
Since the class of peroxisome is dictated by its enzyme complement 
then this suggests that processes controlling accumulation of 
specific enzymes within the organelle will also regulate the 
biogenesis of particular types of peroxisome. 
1.2.6.2 PeroxIsome biogenesis 
The current Interpretation of peroxisome biogenesis is that these 
organelles increase in mass through the post-translational 
Incorporation of proteins, and proliferate by the fission of pre-
existing organelles (Lazarow and Fujiki, 1985). The original view, 
that the organelle is formed de novo by vesiculation of the 
endoplasmic reticulum (Beevers, 1979) has has not been confirmed by 
more recent studies. For example, electrophoretic studies revealed 
substantial differences between endoplasmic reticulum, mitochondria 
and peroxisome membrane proteins (Fujiki et a?., 1984>, and detailed 
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examination of cell ultrastructure has not revealed continuity 
between the endoplasmic reticulum and peroxisomes (Lazarow and 
Fujiki, 1985). Lipid composition of endoplasmic reticulum and 
peroxisome membranes is similar (Donaldson and Beevers, 1977) but 
lipid transfer may be mediated by phospholipid exchange proteins or 
small endoplasmic reticulum-derived membrane vesicles which fuse with 
pre-existing organellar membranes (Lord and Roberts, 1983). 
Peroxisomal proteins are all encoded by the nuclear genome, the 
organelle being devoid of DNA. All such proteins that have been 
studied in detail appear to be synthesised on unbound cytosolic 
ribosomes and transported post-translationally into peroxisomes 
(Lazarow and Fujiki, 1985, Borst, 1986). Recently, a tri-peptide 
sequence, Ser-Lys/His-Leu which occurs at the carboxy terminus of 
four peroxisomal proteins has been identified as a peroxisomal 
targeting signal (P15) in animal cells (Gould et al., 1988, Miyazawa 
et al., 1989). This PTS also occurs in firefly luciferase (Gould et 
al., 1987) and several other peroxisomal proteins, including the 
soybean uricase <t'Tguyen et al., 1985). The work presented in this 
thesis Includes the predicted primary structure of the cucumber MS 
protein and this provides further information on the mechanism of 
protein targeting to peroxisomes/glyoxysomes. 
The formation of glyoxysomes, as defined by the presence of MS and 
ICL, is developmentally regulated. Glyoxysomes are first detected 
during the seed maturation stage of embryogeny, although their 
precise role during this period remains unclear (Allen et a.!., 1988; 
Comal et a.!,, 1989; Frevert et al., 1980; Huang et al., 1983; Turley 
and Trelease, 1987), Glyoxysome volume and protein mass Increases 
approximately seven fold following germination (Gerhardt and Beevers, 
1970, Kunce et a.!., 1984) which is consistent with the increase in 
activity of the glyoxysomal enzymes during this time. Glyoxysomes are 
eventually replaced by leaf type peroxisomes as the seedling becomes 
photosynthetically competent (Beevers, 1979, Huang et a.!., 1983). 
1.2.7 Glyoxysomal isocitrate lyase and malate synthase 
ICL is a glyoxysomal matrix protein which catalyzes the aldol-type 
cleavage of isocitrate into glyoxylate and succinate (Trelease and 
Doman, 1984, see fig 1.1). MS catalyzes the condensation of 
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glyoxylate with acetyl CoA to form malate. In cucumber, the enzyme 
exists in its active form as an octarner, the subunit molecular 
weight, as determined by sodium dodecyl-sulphate polyacrylamide gel-
electrophoresis, being 63 kllodaltons <hDa) (Kruse and Kindl, 1977). 
The MS enzyme appears to be loosely associated with the glyoxysomal 
membrane as, depending on the ionic strength of the extraction 
buffer, it co-sediments with glyoxysomal membranes or remains in the 
supernatant (Koller and Kindl, 1977; Fang at al., 1987). Due to this 
feature it has been referred to as a peripherally bound (that is salt 
solubilized) membrane protein (Koller and Kindl, 1977) and as a 
matrix protein (Fang at al., 1987). The differential solubility of 
proteins from glyoxysomes has been described in a number of reports 
(Bleglmayer at al., 1973; Koller and Kindl, 1977; Hicks and 
Donaldson, 1982). This has lead to speculation that enzymes of the 
glyoxysomal matrix may be organised Into functional aggregates which 
allow direct Interchange of metabolites and cofactors among the 
enzymes of n-oxidation, the glyoxylate cycle and the membrane. The 
Krebs citric acid cycle enzymes have been reported to exist as an 
organized complex attached to the membrane in mitochondria (Robinson 
and Stare, 1985). 
A 64 kDa glyoxysomal matrix protein, identified as the subunit of MS, 
Is phosphorylated In castor oil seeds (Yang at al., 1988). The 
function of MS phosphorylatlon has not yet been established but it is 
possible that it acts as a regulatory mechanism for enzyme activity. 
There is no published evidence for phosphorylation of any other 
glyoxylate cycle enzymes in higher plants. However, ICL is 
phosphorylated in E. coil (Robertson at al., 1988), 
1.2.8 Regulation of expression of malate synthase and isocitrate 
lyase genes 
The developmental regulation of glyoxysomal biogenesis during and 
after germination follows a pattern similar to that for the 
appearance of MS and ICL. These enzymes are co-ordinately synthesised 
In cucumber cotyledons (Weir at al., 1980). Enzyme activity is 
detected in the cotyledons after 2 days of germination (day 2), 
reaches a peak on day 3 and thereafter declines to undetectable 
levels by day 5 to 6 at which time the seedling is photosynthetically 
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competent. Light does not influence the increase in the amounts of 
the MS or -ICL enzymes but it does promote their decline after day 3 
(Walden & Leaver, 1981; Weir et al., 1980). The pattern of MS enzyme 
activity is approximately paralleled by changes in the levels of MS 
protein and mRNA (Smith & Leaver, 1986). Similar results have been 
reported for the level of MS gene transcripts in castor bean 
(Rodriguez et al., 1987) and for enzyme activity In cotton where MS 
was shown to appear during seed maturation, reach a maximum following 
germination and thereafter decline as Is the case in cucumber (Turley 
& Trelease, 1987). The level of ICL mRNA follows a similar pattern to 
that of MS in castor bean (Martin et al. , 1984) and in sunflower 
where ICL rnRNAs are detected In dry seeds (Allen et. al. , 1988). 
Recently, Comal et al. (1989) demonstrated that the MS and ICL genes 
from Brassica napus L. exhibit similar expression patterns. In 
transcription studies with isolated nuclei these workers also 
demonstrated that the genes are controlled primarily but not 
exclusively, at the level of transcription. 
These results indicate that the coordinated regulation of MS and 
ICL enzyme activity in germinating seeds occurs as a result of 
changes at the level of mRNA accumulations the primary control being 
at the transcriptional level, 	However, post-transcriptional 
processes such as mRNA turnover, protein stability and post-
translational modification may also play a role In regulating enzyme 
activity. 
A recent report on the apparent induction of MS and ICL activity in 
senescent barley leaves (Gut & Matile, 1988) suggests that these 
enzymes occur at stages in the life cycle of higher plants other than 
seed germination and that there may be a per oxisome-glyoxysome 
transition during leaf senescence analogous to the glyoxysorne-
peroxisoine transition in germinating cotyledons. In fungi the enzymes 
of the glyoxylate cycle are present at uninduced levels during growth 
on hexose sugars. Transfer to acetate leads to induction of high 
levels of ICL activity (Armitt et al., 1976). In Escherlc,la coil the 
genes for MS, [CL and isocitrate dehydrogenase kinase are encoded on 
the glyoxylate operon (Maloy & Nunn 1982; Laporte et al., 1985). 
Expression of this operon Is derepressed during growth on acetate 
(Maloy & Nunn 1982). 
It is conceivable that not all the molecular mechanisms involved in 
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the regulation of the glyoxylate cycle enzymes in germinating seeds 
are specific to this stage in the life cycle but that they occur more 
generally within different tissues of a wide variety of organisms 
when for example a particular nutritonal status is reached in 
individual cells. Identification of regulatory elements and DNA 
binding factors which regulate the cucumber MS gene during 
germination will help us to elucidate this situation. 
1.3 CONTROL OF GENE EXPRESSION 
In the following account of the control of gene expression in higher 
plants frequent reference will be made to work carried out in animals 
systems. This is Justifiable since it is now becoming apparent that, 
although plant developmental processes are different from those found 
in the animal kingdom, the overall principles governing plant gene 
regulation, and the structure and organisation of plant genes, are 
similar and as complicated as those found in animal cells (Goldberg, 
1988). 
Ultimately, differential gene expression refers to control of the 
relative rates at which gene products are produced in a functional 
form. There are various levels at which this control may operate in 
the cell, the major ones being: 1) transcriptional, which involves 
the synthesis of RNA from the DNA template; 2) post-transcriptional, 
which includes mRNA processing, transport and half-life; 3) 
translational, which involves selection of rnRNA's in the cytoplasm 
for translation by ribosomes; and 4) post-translational, which 
involves a covalent modification of the protein after release from 
the ribosome. Since the rate of degradation of a protein will also 
affect its concentration in the cell then this may be regarded as an 
additional level of control. 
Linear DNA molecules are compacted up to 10,000 fold in the form of 
chromatin in the nuclei of eukaryotic cells and when in this form the 
DNA is thought to be inaccessible to the transcriptional apparatus 
(Weisbrod; 1982). 	Considerable experimental evidence suggests that 
in animal and probably plant cells (see below) at least two different 
classes of mechanism are involved in the conversion of chromatin from 
an inactive to a transcriptionally active state: one that modifies 
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the structure of a region of chromatin containing a subset of genes 
thus making them available for transcription and a second that 
induces and regulates the expression of the potentially active genes 
(Weisbrod, 1982; Reeves, 1984), 
1.3.1 Transcriptional control at the level of DNA availability 
1.3.1.1 Chromatin modification 
That chromatin from actively transcribed genes exhibits a structure 
different from that of non-transcribed regions was primarily 
established in animal cells using relatively non-specific 
endonucleases as probes (Weisbrod, 1982; Reeves, 1984). In general, 
transcriptionally active sequences were found to possess an altered 
chromatin conformation ('transcriptionally poised chromatin') that 
renders them preferentially sensitive to nucleases, particularly to 
DNase I. Two levels of sensitivity to DNase I exist in actively 
transcribing genes. The first is a general sensitivity throughout the 
gene, and the second is localised hypersensitive sites which are 
predominantly located 5' to the start of transcription. 
Hypersensitive sites are thought to indicate areas in the promoter 
which are 'open' to nuclear factors (for a review see Rich et 81., 
1984). In addition to nuclease sensitivity, there are many other 
biochemical properties which distinguish activated and repressed 
chromatin, such as the association of RNA polymerase, disrupted 
nucleosomes, and acetylated histones with active chromatin (for a 
review see Gross and Garrard, 1987). 
Much less information is available on the chromatin organisation of 
plant genes compared to those of animals. However, that which is 
available suggests that the fundamental chromatin structure in plants 
is the same as in animals (reviewed by Spiker, 1985; Kahl et al. 
1988). For example, a recent report by Avramova et al., (1988) that a 
protein fraction stably linked to DNA in plant chromatin exhibits a 
high degree of similarity to the corresponding proteins of animal 
origin supports the view that the organisation of animal and plant 
chromatin is similar. In addition, DNase I-sensitivity and DNase I-
hypersensitive sites have been identified in several plant genes 
including the barley hordein genes and the maize Adhl gene (Apel et 
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al., 1986; Paul et al., 1987). In the case of the maize Adhl gene 
both constitutive and anaerobically Induced DNase I hypersensitive 
sites are present in the 5' region. 
1.3.1.2 Chromatin organisation 
The fundamental repeating unit of eukaryotic chromatin is the 
nucleosome, which contains an octameric histone core (H2A, F{2B, H3, 
H4)2 and about 200 bp of DNA. The chromatin fibre of packed 
nucleosomes appears to be organised into large loops or domains of 
approximately 5-100 kbp, the bases of which are attached to the 
nuclear matrix or scaffold (for a review see Gasser and Laemmli, 
1987), Such interactions of chromosomes with the scaffold may be 
Important in mitosis, replication and gene regulation. 
The mapping of specific DNA fragments to the bases of chromatin 
loops led Mirkovitch et al. (1984) to propose that such scaffold-
associated regions (SARs) have a role In chromosome organisation, 
serving to bring the promoter regions of active genes physically 
close together. This would effectively form a sub-compartment in the 
nucleus, rich in RNA polymerase and regulatory factors. Support for 
this view comes from the observation that genes are not randomly 
assembled in chromosomes, but are organised into clusters which can 
be made visible as transverse bands by particular staining techniques 
(Gasser and Laemmli, 1987), Ottelrstudies have confirmed the 
proposal that SARs sometimes reside close to transcriptional 
enhancers but in non-transcribed regions of genes, a phenomenon 
referred to as co-habitation (Cockerill and Garrard, 1986; Gasser and 
Laemmli, 1986; Jarman and Higgs, 1988). In all these cases the SARs 
have been found to contain consensus sequences for interaction with 
topoisomerase II, an enzyme that can alter the topology of the DNA 
helix by transiently breaking a pair of complementary strands and 
passing another double strand through before religating (for a review 
see Wang, 1985). Topoisomerase II appears to be a pivotal protein in 
chromosomal structure. It is present in amounts sufficient to serve 
as a 'loop- fastener' and has been shown to be a major component of 
the nuclear scaffold (Gasser and Laemmli, 1987). This enzyme is 
assumed to interact with other trans-acting factors and enhancers 
also present at the SARs. As the SARs are situated at the bases of 
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chromatin loops, topoisomerase II activity could exert long range 
control on chromatin structure by altering the degree of DNA 
supercoiling within a loop. The correlation of enhancer regions with 
those that bind the nuclear scaffold suggests that scaffold 
association may facilitate an enhancer's mode of action. 
Hiromi et a] (1985) provide evidence to suggest that a domain 
defined by an upstream and downstream SAR may represent an 
independent functional unit that is unaffected by Its site of 
integration into the genome. When Drosophila mel ano8-aster flies were 
transformed with the horneotic gene fushi tarazu (ftz) containing the 
5', but not the 3', SAR, five out of eight showed a position effect. 
All eight transformants that received the locus complete with both 
SARs showed no position effect. A recent report on cis-acting 'A-
elements' which flank the chicken lysozyme gene, demonstrates that 
when a reporter gene is flanked by 5' A-elements, its expression in 
stably transformed cells is significantly elevated and is independent 
of chromosome position (Stief et al., 1989). A-element activity can 
only be detected when the element is stably inserted in the genome. 
A-elements mediate the attachment of chromatin to the nuclear 
scaffold and they also carry sequence motifs that are similar to the 
consensus sequences of DNA topoisomerase II <Phi-Van and Stratling, 
1988>, It is possible that such elements represent a new type of cis-
acting DNA element that can increase transcriptional activity and 
ensure the correct control of randomly inserted genes. 
Assuming that such observations and the above account of SARs, 
which is based on work carried out on animal systems, can be extended 
to higher plant chromatin structure, then a similar approach may 
prove to be a means of removing the quantitative variation in 
expression between independently transformed transgenic plants which 
is commonly attributed to 'positional effects' (Willrnitzer, 1988). 
Stockhaus et al., (1987), report that when the potato STLS1 gene is 
transferred into potato and tobacco, expression of the transferred 
DNA is proportional to gene copy number and appears to be independent 
of positional effects. It is conceivable that the transferred 
fragment in this case contains SAR-like sequences in the 1.6 kbp 
upstream and 1.2 kbp downstream regions flanking the transcription 
unit. 
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1.3.1.3 Possible role of DNA methylation In regulating DNA 
availability 
The methylation of selected cytosine residues in DNA could 
theoretically regulate availability of DNA to transcription factors. 
Although the genomes of both vertebrates and higher plants are 
relatively highly methylated (Bird, 1986; Antequera and Bird, 1987), 
they contain clusters of non-methylated CpG residues known as 'CpG 
islands' IJnmethylated CpG islands are associated with genes in both 
vertebrate (Bird, 1986) and higher plant DNA (Antequera and Bird, 
1987). Results from various laboratories show that the promoters of 
genes carried on the transferred DNA (T-DNA) of the Agrobacteriurn 
turnefaci ens Ti 	plasmid 	are 	subject 	to 	deactivation 	after 
incorporation in the plant nuclear genome (for a review, see, 
Hepburn, 1988). This deactivation is frequently correlated with 
methylation of the DNA. The simple explaination of the correlation 
between methylation status and gene expression is that unmethylated 
DNA is available to transcription factors while methylated DNA is 
unavailable. However, it is not known if the methylation state 
associated with active genes Is a cause or an effect of the 
activation process. 
1.3.2 Methods used to investigate transcriptional regulation of 
plant genes. 
Prior to discussing the mechanisms regulating transcription of 
potentially active genes it is appropriate to introduce those methods 
employed to investigate such regulation in higher plants. 
1.3.2.1 Transgenic plants 
The use of transgenic plants has been the single most Important 
development to date In the study of plant gene expression. A 
combination of in vitro mutagenesis and DNA-mediated gene transfer 
has provided an in vivo assay system for regulatory DNA elements (for 
reviews see Klee et al. , 1987; Schell, 1987; Willmitzer, 1988). As 
whole plants can be regenerated from single transformed cells, 
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functional analysis of plant genes throughout the life cycle is 
possible. 
The technique most frequently employed for the transfer of foreign 
DNA into the nuclear genome of plant cells makes use of the soil 
bacterium AgrobacterIuzo turnefaciens, a pathogen that produces disease 
through the transfer of some of its own DNA Into susceptible plants 
(Klee et al, 1987; Schell, 1987), Transferred genes responsible for 
tumorous growth (due to an over-production of auxin and cytokinin) 
and the synthesis of opines which are specifically catabolised by the 
infecting bacteria, are carried on the 1- (transferred) DNA region of 
a large extrachromosomal tumour-inducing (Ti) plasmid. Genetic 
analysis has shown that as well as the T-DNA region, a vir 
(virulence) region on the Ti plasmid and virulence genes (chvA and 
chvB) located on the bacterial chromosome are also essential for 
tumour formation. The chv loci are involved In attachment of the 
bacterium to the plant cell wall (Douglas et al., 1985). Contact of 
the AgrobacterIuxn with phenolic signal molecules such as 
acetosyringone, released from wounded plant tissue, results in 
transcription of the vir region of the Ti plasmid (Stachel et al. 
1986), the gene products of which are involved in the molecular 
events leading to T-DNA transfer. The T-DNA region is flanked by a 25 
base pair (bp) border sequence directly repeated at both ends. The 
right border sequence Is essential for efficient transfer of T-DNA 
(Wang et al., 1984). The virD operon of the vir region encodes a 
site-specific endonuclease which generates site specific nicks In the 
1-DNA border sequences resulting in the production of free, linear 
single-stranded copies of the T-DNA region (Yanofsky et al. , 1986). 
The mechanism by which the 1-DNA Is transferred to the plant cell and 
stably inserted into the nuclear DNA is not known, but it Is thought 
to be analogous to bacterial conjugation (for a review on transfer 
and function of 1-DNA genes, see, Zambryski et al., 1989). 
The development of Ti plasmid-based gene vectors has been based on 
the observation that foreign DNA sequences inserted into the 1-DNA 
region are transferred to the plant genome. In addition, since the 
genes located on the T-DNA region responsible for tumorous growth and 
the synthesis of opines in the plant cell are not essential for 1-DNA 
transfer, then removal of these genes results in 1-DNA which Is non-
tumorigenic when integrated in the plant genome. The development of 
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such 'disarmed' Ti plasmid vectors has allowed foreign genes to be 
integrated in the nuclear DNA of plant cells and whole plants to be 
regenerated from individual cells which have undergone a single 
transformation event. The observation that the T-DNA region does not 
have to be physically linked to the vir region on the Ti plasmid for 
transfer to occur (Hoekma et al., 1983) has allowed the development 
of small 'binary' or 'trans' Ti gene vectors that usually only carry 
the 1-DNA borders of the Ti plasmid. 
The binary vector, pBin19 (Bevan, 1984) has been used in the 
present study to transfer the cucumber MS gene into Petunia and N. 
piumbaginifolia. This vector is based on the wide host range replicon 
of pRK252 which allows it to replicate in both E. coil and 
Agrobacterium. The T-DNA border sequences present in pBin19 flank a 
multiple cloning site which allows insertion of foreign DNA to be 
carried out in E. coil prior to transfer into Agrobacteriurn. Also 
contained on the T-DNA is a gene that confers resistance to kanamycin 
when expressed in plant cells and which can therefore be used as a 
dominant selectable marker for transformed plant cells. pBin19 also 
contains a kanamycin resistance marker outside the T-DNA region for 
direct selection in bacteria. 
pBin19 can be transferred, via conjugation, to Agrobacterium, using 
the helper plasmid pRK2013 which provides essential functions for the 
conjugation event. The ilgrobacterium host used in conjunction with 
pBin19 is LBA4404, and this carries a Ti plasmid (pAL4404) from which 
the 1-DNA has been deleted, but which contains an intact vir region. 
Transfer of the foreign DNA in pBinlY to the plant cell is mediated 
by the activity of the vir region functioning in trans. 
Transfer of either intact plant genes, or chlmaeric genes 
consisting of a mutagenised regulatory region and an appropriate 
reporter gene, followed by analysis of expression in transgenic 
plants, has allowed those regions involved in transcriptional 
regulation to be localised, and cis acting regulatory elements to be 
identified. 
In general, when intact genes are transferred into a heterologous 
host then qualitative aspects of expression of the transferred genes, 
such as developmental regulation, tissue specificity, or response to 
environmental stimuli, are maintained. In some cases, particularly 
those involving transfer of genes from monocots to dicots, expression 
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is not faithfully maintained, presumably because of the evolutionary 
distance between the species (Willmitzer, 1988). Quantitative aspects 
of transgene expression are not maintained. In most cases analysed 
the level of expression of the transferred gene is lower in 
transgenic plants than in its natural environment and there is 
variation in the level of expression in independent transformants 
that is not related to the copy number of the transgene (Willmitzer, 
1988). 
A second technique which involves the direct transfer of DNA into 
plant protoplasts has also been used, but to a lesser extent, for the 
in vivo analysis of plant genes (for a review see Fraley et al, 
1986). Stable integration of the transferred DNA in the nuclear 
genoine and regeneration of plants allows expression analysis to be 
carried out as described above. Regulated transient expression in 
plant protoplasts has been reported for the maize alcohol 
dehydrogenase promoter (Howard et al., 1987), a wheat embryo gene 
(Marcotte et al, 1988) and the barley -amylase gene (Huttly and 
Baulcombe, 1989). In addition to indicating that plant protoplasts 
maintain cellular control processes, these results also suggest that 
a major part of the regulatory response of these genes is not 
affected by chromosomal structure or DNA methylation since the 
majority of DNA being transiently expressed remains extra-
chromosomal. 
1.3.2.2 Additional methods employed in the molecular analysis of 
plant development 
The identification and isolation of specific plant genes, 
particularly those which play a regulatory role in plant development, 
is a major obstacle in the study of plant development at the 
molecular level. The use of genetically defined transposon systems 
for transposon tagging is now allowing progress to be made in this 
area (for refs see Goldberg, 1988). This approach relies on 
insertional mutagenesis of a previously unidentified gene creating an 
easily identifiable phenotype. The gene, since it is tagged by the 
transposon, can then be isolated. 
The use of Arabidopsis as a model system to study plant specific 
processes will further aid in the identification of regulatory genes 
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(Meyerowitz, 1987). Because of its small genome size (70,000 kbp), 
short life cycle (six weeks), 	small size (30 cms), and very little 
repetitive DNA, large programs of transposon and chemical mutagenesis 
can be carried out for the selection of specific genes (Meyerowitz, 
1987). 
Other general advances In molecular biology, such as protein 
microsequencing, DNA binding protein purification procedures, and 
antisense gene technology; are also being applied in the study of the 
precise mechanisms controlling plant gene expression (for refs see 
Goldberg, 1988). 
1.3.3 Mechanisms regulating transcription of potentially active 
genes 
In both plants and animals the mechanisms that regulate transcription 
of potentially active genes are based on the interaction of trans-
acting factors with cis-acting DNA sequences. Due to the development 
of methods in recent years (some of which are outlined above) which 
have provided new ways of investigating the expression of both plant 
and animal genes, our knowledge of these mechanisms has increased 
enormously. However, the molecular basis of of this regulation is 
stil largely unknown. 
1.3.3.1 Plant Gene Structure 
DNA sequencing studies along with functional analysis of plant genes 
in transformed plants indicate that they exhibit characteristics 
analogous to those found in the animal kingdom (Klee et al., 1987; 
Schell, 1987; Willmitzer, 1988). The promoter region of most plant 
genes contain TATA sequences approximately 30 bp on the 5' side to 
the start of transcription (Joshi, 1987a). CAAT or AGGA sequences 60 
to 80 bp on the 5' side to the start of transcription are present in 
some but not all the plant genes studied (Heidecker and Messing, 
1986; Messing et al., 1983). Consensus sequences for the start of 
transcription and start of translation on plant genes have been 
derived and are similar to those derived for animal genes (Toshl, 
1987a; Kozak, 1987), Both 5' and 3' untranslated regions are present 
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on plant mRr1A, the 5' leader sequence averaging 40 - 80 nucleotides 
and being A+T rich (Joshi, 1987a). Many but not all plant genes 
contain introns. The entire family of maize zein genes do not contain 
intervening sequences in their coding region (Heidecker and Messing, 
1986). Consensus sequences have been derived for the 5' and 3' splice 
junctions and possible branch points for those plant genes which do 
contain introns (Brown, 1986). These sequences are virtually 
identical to those of animal introns. The highly conserved 
polyadenylation signal AAUAAA, implicated in the maturation and 
processing of eukaryotic mRNAs is present in the 3' untranslated 
region of some but not all plant mRNAs (Heidecker and Messing, 1986; 
Joshi, 1987b), 
In the majority of plant genes investigated the cis-acting 
regulatory sequences are found to be localised within approximately 1 
kbp 5' to the start of transcription (Schell, 1987; Willmitzer, 
1988). A large body of evidence from studies of genes involved in 
photosynthesis, in organ specificity , and in stress response, 
suggests that these sequences have properties analogous to those of 
regulatory sequences found in mammalian systems (for reviews see 
Schell, 1987; Willmitzer, 1988). 
1.3.3.2 Organisation of regulatory regions in eukaryotic genes 
In mammalian systems, two classes of cis-acting regulatory sequence 
have been defined promoters, which are located close to the 
transcription initiation site and act in a position-dependent 
fashion, and enhancers, which can be located far from the initiation 
site and act in a position- and orientation-independent fashion. 
Promoters can be sub-divided into proximal elements, including the 
transcription start site and the TATA box, which is involved in 
fixing the site of initiation, and distal elements, which can be 
spread over several hundred base pairs. Enhancers are usually located 
in the region from 300 to 500 bp 5' to the start of transcription 
(for a review see Serf ling et al,, 1985). Regulatory sequences 
located several kbp away from the transcription start site have also 
been identified in some animal genes (see, for example, Jantzen et 
al., 1987). 
DNA sequences with enhancer-like properties have also been found in 
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plant genes. These usually occur withIn the 100 to 400 bp region 
upstream from the start of transcription (Schell, 1987; Willmitzer, 
1988), In a number of plant genes, silencer, as well as enhancer 
sequences, have been identified (Kuhiemeler et al., 1987; Schell, 
1987). In one case, a 247 bp sequence from the upstream region of the 
pea chlorophyll a/b binding protein gene was shown to function as a 
light- and chioroplast-regulated enhancer in leaves of transgenic 
tobacco and as a tissue-specific silencer in roots (Schell, 1987). 
Enhancer sequences are also present downstream from start of 
transcription in some plant genes. For example two Petunia rbcS genes 
have been shown to contain sequence in their coding and 3' regions 
that regulate quantitative expression (Dean et al., 1989). 
Investigation of the heat-shock genes from animals and plants 
indicates that in some cases, the mechanism of transcriptional 
regulation may be tightly conserved throughout evolution. The 5' 
region of heat-shock genes from animals and plants contains a 
conserved heat-shock consensus sequence or heat shock element (HSE) 
which is responsible for the heat-inducible regulation of gene 
expression (for a review, see, Pelham, 1985). A chimaeric gene 
consisting of HSEs from Drosophila linked to a reporter gene, when 
transferred to tobacco, was shown to be expressed in a manner similar 
to that of the endogenous plant heat-shock genes. (Spena and Schell, 
1987). This suggests that the tobacco heat-shock trans-activating 
factor Is capable of recognising the Drosophila heat-shock cis-acting 
element, 
1.3.3.3 Modularity of regulatory elements 
Recent work on the promoters and enhancers that control transcription 
of protein coding genes in mammalian cells indicates that they are 
composed of multiple genetic elements or modules (for a review, see, 
Dynan, 1989), Promoter modules consist of approximately 7-20 bp of 
DNA and contain one or more recognition sites for transcriptional 
activator proteins. At least one module in each promoter functions to 
direct initiation of RNA synthesis at a particular site and in a 
particular orientation. The TATA box is the most common example of 
this. Additional promoter modules, in the region 30-110 bp upstream 
from the transcription start site, regulate the frequency of 
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transcriptional initiation. 
The organisation of enhancers is similar to that of promoters. Work 
carried out on the enhancers of the simian virus 40 (SV40) large I 
antigen promoter has shown that individual modules can be divided 
further into short sequences of DNA that appear to be the basic units 
of enhancer structure (Ondek et al,, 1988). These short sequences, 
referred to as 'enhansons', probably correspond to individual binding 
sites for transcriptional activator proteins. Evidence from studies 
of the thymidine kinase promoter suggests that promoter modules may 
also exhibit enhanson organisation (Dynan, 1989). 
The basic distinction between enhancers and promoters therefore 
appears to be operational. Enhancers, but not promoters, can 
stimulate transcription at a distance, whereas promoters, but not 
enhancers, contain modules which can direct initiation of 
transcription at a specific site. 
Similar levels of organisation are likely to exist in the enhancers 
and promoters regulating transcription of protein coding genes in 
higher plants. The cauliflower mosaic virus (CAMV) 35S plant viral 
promoter appears to contain multiple cis-elements (Benfey and Chua, 
1989). At least two domains in this promoter can confer different 
developmental and tissue-specific expression patterns on a reporter 
gene in transgenic tobacco (Benfey et al., 1989). When both these 
domains are present expression is detectable in most tissues at all 
stages of development. 
1.3.3.4 Mechanisms of enhancer action 
The complex arrangement of sequence motifs which make up enhancers 
and promoters are recognised by a wide variety of specific DNA-
binding proteins or transcription factors. Eukaryotic transcription 
factors contain at least two essential functions, a DNA-binding 
domain and a transcriptional activation region, that are generally 
located in separate parts of the protein (for reviews see Pteshne, 
1988; Struhi, 1989). 
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1.3.3.4.1 DNA binding domains 
Structural and functional analysis of eukaryotic DNA-binding 
proteins indicate that small autonomous domains containing less than 
100 amino acid residues are specific for DNA-binding activity. Four 
distinct structural motifs have been proposed for the DNA-binding 
domain; the helix-turn helix, two kinds of zinc finger, and the 
leucine zipper (for a review, see, Struhl, 1989). 
The leucine zipper motif is particularly interesting since it 
provides a possible expla nation as to how a finite number of 
regulatory factors and DNA-binding sites can generate the complex 
pattern of gene expression required for development. The motif has 
been found in the mammalian transcription factors CREB and C/EBP, the 
yeast transcription factor GCN4, and the proto-oncogene products Jun 
and Fos (Hoeffler et al., 1988; Landschulz et al., 1988). Recently, 
the leucine zipper motif has also been identified in two tobacco DNA 
binding proteins (Katagiri et al., 1989), and a protein that binds to 
a cis-acting element of wheat histone genes (Tabata et al. , 1989). 
All of these transcription factors bind to a similar DNA-recognition 
sequence (A/GCGTCA). The opaque 2 gene product which regulates zein 
deposition in maize endosperm contains a similar leucine zipper motif 
and basic region (Hartings et al., 1989). The DNA-recognition 
sequence of this protein has not yet been established. 
The 'leucine zipper' is a stretch of 35 amino acids containing 4-5 
leucine residues seperated from each other by 6 amino acids 
(Landschulz et al.,1988). The leucines appear to be arranged on one 
side of an amphipathic of-helix and the leucines on two such helices 
(in two different polypeptides) interdigitate, leading to 
dimerization. Since the zipper is immediately preceeded by a region 
rich in positively charged amino acids which could potentially bind 
DNA, it has been postulated that dimerization would arrange the basic 
regions of the two subunits in a configuration that allows specific 
interactions with a DNA-recognition sequence (Landschulz et al., 
1988). Consistent with this model, GCN4, dEEP, and Jun bind as 
dimers to their target sites and Fos and Jun can form DNA-binding 
heterodimers (Landschulz et al,, 1988). The native Fos protein cannot 
form a homo-dimer and binds DNA only by forming a Fos-Jun 
heterodimer. Recent 'domain swap' experiments between the fos, fun, 
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and GCN4 leucine zipper motifs (Kouzarides and Ziff, 1989; Sellers 
and Struhi, 1989) indicate that the leucine zipper is sufficient to 
confer dimerization specificity. Furthermore, these experiments show 
that the basic regions of Fos, Jun and GCN4 are equivalent in their 
DNA-binding abilities and the differential affinity for the DNA 
recognition sequence is due to the differing ability of their leucine 
zippers to form dimers. 
The existence of multiple proteins that recognise a particular 
sequence motif may provide a mechanism for controlling core groups of 
genes in a variety of cell types and developmental stages or in 
response to extracellular signals. Differences in sequence 
recognition properties or DNA-binding affinities could provide 
flexibility and sensitivity to various signals. The dimeric nature of 
leucine zipper proteins suggests an additional mode of flexibility 
involving heterodimers between different proteins. 
1.3.3.4.2 Transcriptional activation region 
As well as a DNA-binding domain, eukaryotic transcription factors 
also contain a transcriptional activation region which interacts with 
RNA polymerase II and/or other factors such as the TATA box factor in 
order to promote transcription (for a review, see Ptashne, 1988). Two 
principal models have been invoked to explain this interaction, In 
the first, known as the looping model, upstream regulatory sequences 
directly interact with proximal promoter elements via proteins bound 
to the DNA (Ptashne, 1988). In the second, known as the scanning or 
entry site model, RNA polymerase II (or a transcription factor) binds 
to distal sequences and then scans along the DNA until it reaches the 
promoter (Moreau et al., 1981). 
Of these two, the looping model best explains recent experimental 
findings (Ptashne, 1988), Experiments performed primarily with yeast 
transcriptional activators has led Ptashne (1988) to suggest that, 
unlike the DNA-binding surface which has a definite specificity, 
activating regions are less precisely defined surfaces characterised 
by an excess of acidic residues with some aspect of structure such as 
an a-helix being essential for formation of the activating region. 
Heterologous gene activation experiments suggest that these acidic 
regions are likely to be commonly employed for transcriptional 
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activation in all eukaryotic organisms. In one such experiment the 
coding region of three GAL4 derivatives, under the control of the 
nopaline synthase promoter were transferred into tobacco cells in 
culture (Ma et al., 1988). GAL4 acts as a transcriptional activator 
in yeast cells. A second 'reporter' gene, consisting of a modified 
form of the CAMV 355 plant viral promoter bearing multiple GAL4 
binding sites and the coding region of chioramphenicol acetyl 
transferase gene were also transferred into the same tobacco cells. 
Expression of the GAL4 derivatives from the nopalirie synthase 
promoter resulted in production of GAL4 which then bound to the GAL4 
sites and activated transcription of the reporter gene by interacting 
with the plant transcriptional apparatus. Similar types of experiment 
using Drosophila and mammalian cells gave the same result (Ptashne, 
1988). 
These experiments suggest that the acidic activation regions of 
trans-activating factors contact some part of the transcription 
machinery that is common to all genes transcribed by RNA polymerase 
II and is conserved functionally throughout the eukaryotic kingdom. 
Obvious candidates are the TATA binding protein, TFIID (Horikoshi et 
al,, 1989 and refs within) or RNA polymerase II. The number of trans-
activating factors which can activate at any one time, and the degree 
of activation of different factors is variable (Ptashne, 1988). 
Further support for this view comes from experiments where 
different DNA control elements are mixed together with the result 
that new patterns of tissue-expression are conferred on the truncated 
promoter. For example, a 170 bp DNA sequence from the upstream region 
of the a-subunit of the -conglycinin gene from soybean is sufficient 
to confer seed-specific enhancement on the CAMV 35S promoter when 
transferred to tobacco (Chen et al., 1988). 
1.3.3.5 Integration of mechanisms regulating transcription 
The complexity provided by the possible interaction of trans-
activating factors, multiple trans-activating factors recognising a 
single DNA sequence, the modular organisation of promoters and 
enhancers which allows binding of different transcription factors, 
and the possibility that all these factors can bind DNA and activate 
transcription to varying degrees provides the framework by which a 
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cell could generate a large number of expression patterns using 
combinations of a much smaller number of proteins. 
A further level of complexity may be provided by the interaction of 
individual trans-activating factors with multiple signal transduction 
pathways. For example, dimerisation and transcriptional efficacy of 
the mammalian CREB (cyclic AMP-responsive element binding protein) 
transcription factor are each stimulated by phosphorylation at 
distinct sites which suggests that CREB is regulated by multiple 
kinases in-vivo (Yamamoto et al., 1988). CREB is a member of the Jun 
gene family of transcription factors which all recognise the same DNA 
sequence, and may form homo- or hetero-dimers, but respond to 
different stimuli (for a review, see, Karin, 1989). This one family 
of transcription factors could therefore provide an enormous amount 
of information for regulation of developmental processes. 
Similar families of transcription factors are just now being 
identified in higher plants. As mentioned in section 1.3.3.4.1, two 
tobacco DNA binding proteins (Katagiri et al,, 1989), a protein that 
binds to a cis-acting element of wheat histone genes (Tabata et al. 
1989), and the opaque 2 gene product which regulates zein deposition 
in maize endosperm (Hartings et al. , 1989) all appear to be members 
of a family of transcription factors which contain a leucine zipper 
motif and a conserved basic region. The maize gene ci, a regulator of 
anthocyanin gene expression, has recently been used as a probe to 
isolate multiple cDNA clones from barley and maize, all of which 
carry the DNA binding domain of the inyb oncoproteins (Marrocco et 
al., 1989). These results suggest that a family of rnyb related plant 
genes, coding for trans-acting factors, exist in higher plants. 
1.3.4 Other levels at which gene expression may be regulated 
Although control of the initiation of transcription usually 
predominates, the expression of most genes is thought to be further 
regulated at other stages in the pathway from niRNA to functional 
protein. 
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1.3.4.1 Posttranscriptional control 
RNA processing is one possible candidate for control. Recent studies 
in Drosophila indicate that splicing is used to turn the expression 
of protein gene products on and off (for a review, see Bingham et 
al., 1988). In three well characterised cases, production of the gene 
product is allowed or prevented by controlling splicing of the 
primary transcript which is constitutively transcribed. RNA splicing 
as a means of turning genes on and of has not yet been reported in 
higher plants. 
Studies carried out in animal cells Indicate that gene expression 
can be controlled by changing the half-lives of specific mRNAs in 
response to intracellular events or to extracellular stimuli 
(Bernstein and Ross, 1989). All mRNAs that have been examined, with 
tL't 
 
the exception of/cell cycle regulated histones are modified, post- 
transcriptionally, by the addition of a polyA tract. Many experiments 
in mammalian cells suggest that the polyA tract influences RNA 
turnover which may depend on the efficiency of a cytoplasmic polyA 
binding protein In protecting polyA from nucleolytic attack (for a 
review, see Bernstein and Ross, 1989), Recent experiments indicate 
that the polyA tract contributes to a longer mRNA half life in 
electroporated plant protoplasts (Gallie et al., 1989). The polyA 
tract might also play a role in the processing and transport of mRNA 
from the nucleus (for a review, see, Brawermari, 1981), RNA export 
through the nuclear pores is an active process (Newport and Forbes, 
1987). It is possible that this mechanism could have a regulatory 
role by increasing or decreasing export of specific mRNAs to the 
cytoplasm. 
1.3.4.2 Translational control 
Features of a mRNA which are involved with translational efficiency 
include the requirement for a cap 1m7(5')ppp(5')N] at the 5' 
terminus, other 5'-untranslated and 3'-untranslated sequences and the 
polyA tail. 
All eukaryotic mRNAs examined, with the exception of a few viral 
mRNAs, contain a 7-methylguanosine residue linked to a trlphosphate 
at the 5' end. This cap is essential for efficient expression in both 
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plant and animal cells (Callis et al, , 1987; Gallie et al.., 1987b; 
Gallie et al., 1989) and has been proposed as the site at which the 
405 prelnitiation complex first attaches to the mRNA (Moldave et al. 
[985). 
In the scanning model for initiation of translation, once the 405 
subunit binds to the 5' terminus, It moves along the message in a 5' 
to 3' direction until the first AUG in an appropriate context is 
encountered (Kozak, 1986). The requirements for efficient scanning 
are thought to be a leader sequence with little or no secondary 
structure, and leader length (Kozak, 1988). In addition to secondary 
structure and length, the sequence of the leader can also contribute 
to expression. For example, a 67 bp translational enhancer 0, derived 
from the tobacco mosaic virus (Gallie et al., 1987a>, when present at 
the 5' end of 	-glucuronidase mRNA can increase the efficiency of 
translation In plant protoplasts without. altering the mRNA half-life 
(Gallie et al., 1989). The mechanism of this enhancement is not yet 
known but may involve preferential binding of the preinitiatiori 
complex to a site within the enhancer sequence. 	In addition to 
demonstrating the importance of the 5' leader sequence, Gallie et al 
(1989) suggest that the 3' untranslated sequence also plays a direct 
role in controlling translation efficiency. The presence of a polyA 
tail was shown to contribute in vivo to a longer mRNA half-life, but 
the increase in half-life could not account for the enhancement in 
expression of the associated reporter gene, -glucuronidase. 
Although the various factors outlined above are known to be 
important in determining the translational efficiency of mRNA, this 
does not necessarily mean that they play an important role in 
regulation as they may just be a prerequisite for translation. 
1.3.4.3 Posttranslational control 
Expression of the gene product can be controlled in a number of ways 
following synthesis of the polypeptide. Posttranslational control 
mechanisms include transport of polypeptides across membranes, 
proteolytic processing, chemical modification of individual amino 
acid groups (such as methylation, phosphorylatlon and acetylation 
reactions), glycosylation, binding of prosthetic groups and 
association of subunits to form functional proteins. 
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There is little direct evidence on the role of post-translational 
control in regulating expression of those proteins associated with 
peroxisomes. However, post-translational modification does occur in a 
number of cases and this may be involved in controlling expression of 
the respective protein. 
A review of the literature on the biogenesis of peroxisomal proteins 
reveals that they are all synthesised on free polyribosomes and do 
not appear to be glycosylated, most are made at their final size, 
post-translational import of the monomer form from the cytosolic to 
peroxisornal fraction occurs with half-times ranging from 1 to 15 mm 
or more, and they usually form oligomers as the active form in 
peroxisomes (Lazarow and Fujiki, 1985). 
As mentioned previously (section 1.2.7), glyoxysomal MS from castor 
bean seeds is phosphorylated but the function of this phosphorylation 
has not yet been established (Yang et al., 1989). This 
phosphorylation is inhibited by EGTA and is stimulated by Ca 
suggesting that calcium may be involved, either directly or 
indirectly through protein phosphorylation, in the regulation of MS 
activity, The modification of charges imposed on the MS monomer due 
to the attachment of a phosphate group may account for the ability of 
the mature organellar form to oligomerize and aggregate compared with 
the precursor form obtained either by in vitro translation or by 
extraction from the cytosol (Kruse and Kindi, 1983b). If this is the 
case then reversible phosphorylation of MS could control the 
oligomer-monomer status in the glyoxysome and in so doing activate or 
inactivate the enzyme. 
Work carried out on pumn catalase (Yamaguchi and Nishimura, 1984; 
Yamaguchi et al., 1984) indicates that, depending on the processing 
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of the monomer it can form an active or inactive tetramer. Punkin 
catalase is synthesised in vivo and in vitro with a molecular weight 
(Mr) of 59 kDa and is imported into glyoxysomes posttranslationally 
in vivo without change in its size. In the peroxisome the monomer may 
either be processed proteolytically to M r 5.5 kDa, bind the iron 
containing haem coenzyme and oligomerise to the active tetrameric 
enzyme with an M,. of 230 kDa, or it can avoid proteolysis and 
assemble to a tetramer with little or no enzymatic activity. Most of 
the catalase in the glyoxysomes of etiolated cotyledons is processed 
to the active form whereas in the peroxisomes of green cotyledons 60'6 
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of the catalase adopts the inactive form which may lack haem. This 
suggests that the processing of pumkin catalase to either the active 
or inactive form is at least partly controlled by the developmental 
stage. Either proteolysis or the addition of haem may be important in 
regulating which form pumpkin catalase adopts. 
The glyoxysomal and mitochondrial isoenzymes of malate dehydrogenase 
are synthesised as higher molecular weight precursors (Gietl and 
Hock, 1982). Processing cleaves an 8 kDa extra sequence from the 
glyoxysomal precursor and a 3.3 kDa extra sequence from the 
mitochondrial precursor producing native subunits of 33 and 38 kDa 
respectively. The demonstration that import of in vitro synthesised 
glyoxysomal malate dehydrogenase into isolated watermelon glyoxysomes 
is dependent on the presence of some exogenous protease led Gietl and 
Hock (1984) to speculate that the monomer is processed prior to 
import in vivo. If this is so it would be highly unusual since the 
proteolytic cleavage of most proteins that are processed occurs after 
import into the appropriate organelle. Irrespective of where the 
proteolytic cleavage occurs, it is possible that control of 
processing could control formation of the active dimer form of malate 
dehydrogenase and so regulate activity of the enzyme. 
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CHAPTER 2 
MATERIALS AND METHODS 
2.1 BIOLOGICAL MATERIAL 
2. 1.1 Plant material 
Cucumber seeds (Cucumis sativus L. var. Long Green Ridge) were 
obtained from W.K. McNair, Portobello, Edinburgh and germinated as 
described previously (Becker et al., 1978). Nicotiana piurnbaginifoiia 
seeds were obtained as a dihaploid stock from J.R. Ellis, Department 
of Botany, University of Durham. Petunia, variety Mitchell, leaf 
material was provided by the University of Amsterdam and is described 
in Mitchell et al., 1980. 
2.1.2 Bacterial strains and their genotypes 
Escherichia coil NM522: 	(lac pro), [F'lacZ 6M151, lad q , hsd RM 
(Gough and Murray, 1982) 
E. coil 	 HB101: F-, recA 13, ara-14, proA 2, lacY 1, galI< 
2, rpsL 2, x7i-5, intl-1, sup E 44, hsd S 20 
(r,,-, R,-), X 	(Manniatis et al., 1982). 
Arobacteri urn turnifaci ens LBA4404: Genotype not available. 
This strain carries a cryptic Ti 
plasmid and a 'disarmed' Ti 
plasmid lacking the entire T-DNA, 
but with an intact vir region. 
Streptomycin resistance is 
carried on the bacterial 
chromosome and rifampicin 
resistance on the disarmed 
Ti plasmid (Hoekema et al., 
1983). 
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2.1.3 Bacterial plasmids and bacteriophage 
pUC18 Yanisch-Perron et al. 	(1985) 
pUC19 Yanisch-Perron et al. 	(1985) 
pBin 19 Bevan 	(1984) 
pBI101, 1 Jefferson 	et al. 	(1987) 
pRK2013 Ditta 	et al, (1980) 
pAL4404 Hoekema et al. 	(1983) 
M13mp18 Yanisch-Perron et al. 	(1985) 
M13xnp19 Yanisch-Perron et al. 	(1985) 
EMBL4 Frischauf 	et al. 	(1983) 
2.1.4 Malate synthase cDNA clones 
The pBR322 derived plasmid containing a 562 bp MS cDNA insert 
designated pMS730 was isolated in this laboratory as described 
previously (Smith and Leaver, 1986). The pBS (formerly called 
BluescribeTM) derived plasmid containing a 1.9 kbp MS cDNA insert 
designated pBSMS1.9 was a gift from Y. Hunter and B. Schwartz 
(University of Wisconsin). This clone was isolated from a ).gtll 
library constructed from RNA isolated from cucumber cotyledons 
germinated for 3 days. 
2.1.5 Malate synthase genomic clone 
The genomic clone XMSI1, containing a 13.3 kbp DNA fragment encoding 
the MS gene from C. sativus was isolated from a genomic library 




All chemicals were purchased from Sigma Chemical Co. Ltd., Poole, 




c[ 2P]dCTP (3000 Ci/mmol), y1 3 P1dATP (5000 Ci/mmol) and c[S]dATP 
(500 Ci/mmol) were purchased from Amersham International Plc. 
2.2.3 Autoradiography Film 
X-ray film was either Cronex 4 (Dupont, Frankfurt) or Curix RP1 
(Agfa-Gaevert), and all films were developed in an Agfa-Gaevert 
Gevamatic 60 automatic developer. 
2.2.4 Bacteriological media 
All strains of E. coil and A. turvefaclens were grown in Luria broth 
(LB) or LB agar. 
Luria broth: 10 gil Bacto tryptone (Difco Laboratories, Detroit), 5 
g/l Bacto yeast extract (Difco), sodium chloride 10 g/l. pH7.2. In 
addition to these components LB agar also contained 1% (w/v) Bacto 
Agar (Difco), 
2.2.5 Tissue culture media 
All media were based on the basic medium of Murashige and Skoog 
(1962) using Murashige and Skoog (M&S) medium (Flow Laboratories, 
Irvine) and Bacto agar (Difco, Detroit), M&S medium does not contain 
sucrose, IAA (indole ace tic acid), NAA (napthaleneacetic acid), or. 
kinetin (N6Furfuryl-aminopurine'. In all media the pH was adjusted to 
5.8 using 0.IM potassium hydroxide. 
N. piumbaginifoila : 4.7 g/l M&S medium, 10 g/l sucrose, 0.2 mg/1 
shooting medium 	kinetin, 2 mg/1 NAA, 0.8% (w/v) agar. 
Petunia 	 : 4.7 g/l M&S medium, 20 g/l sucrose, 0.1 mg/1 
shooting medium 	NAA, 1 rrig/i benzyladenine (BA). 
Rooting medium : 	2.35 g/l M&S medium, 10 g/l sucrose, 8 g/l agar 
2.3 MOLECULAR BIOLOGY TECHNIQUES 
2.3.1 General conditions 
All solutions, pipette tips and microcentrifuge tubes used in the 
isolation and manipulation of nucleic acids were autoclaved at 15 
p.s.i. for 20 min before use. Double distilled water was used at all 
times in the preparation of solutions . All glassware coming into 
contact with nucleic acids was baked at 170°C for a minimum of 5 h. 
All manipulations were carried out on ice unless otherwise stated. In 
the case of isolation of nucleic acids from plant tissue, initial 
stages were carried out in the cold room at 4°C. The concentration of 
nucleic acids in acqueous solution was determined by measuring the 
optical density (OD) at 260 nm. For DNA, 1 OD unit is equivalent to 
40 ig/ml and for RNA, 1 OD unit is equivalent to 50 .g/ml. 
2.3.2 Isolation of nucleic acids 
2.3.2.1 Isolation of plasmid and bacteriophage 	DNA 
Plasmid DNA was prepared from E. coil strains by standard methods 
(Maniatis et al., 1982). Single stranded M13 DNA was purified as 
described by Messing (1983), Isolation of total nucleic acids from A. 
turnef'aci ens was carried out as described in Draper et al. (1988). 
2.3.2.2 Isolation of total RNA from cucumber cotyledons 
Cucumber cotyledons (6.5 g fresh weight) were homogenised at 4°C in 
the presence of three volumes of homogenisation buffer (100 mN Tris 
pH 8.5, 6% (w/v) PAS (Para-aminosalicylate), 1% (w/v) TNS (tris-
isopropylnapthalene suiphonate)) in a 100 ml glass centrifuge tube 
using a Polytron homogeniser (Northern Media Supply Ltd.) for 20 sec 
at top speed. Following centrifugation at 2000 x g for 10 min in a 
Mistral 4L centrifuge the supernatant was removed to a fresh tube. 
The remaining pellet was re-extracted with a further three volumes of 
homogenisation buffer and the supernatants were pooled. 
This solution was treated with an equal volume of phenol:chloroform 
(50:50, v:v), the phenol having been saturated with 100mM Tris, pH 
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8.0 and containing 0.1% (w/v) 8-hydroxyquinoline. Mixing of the two 
phases was followed by ce/trifugation as above for 20 min and removal 
of the supernatant into a fresh tube. Phenol /chloroform extractions 
were repeated until the supernatant appeared to be clear of 
contaminants. 
Ethanol precipitation of the nucleic acids from the aqueous phase 
was carried out in 30 ml corex tubes by addition of 0. 1 volumes 3 M 
sodium acetate pH 5.8 and 2.5 volumes ethanol and storage at -20°C 
overnight (or -80°C for 1-2 h) Sedimentation of the precipitate was 
carried out by centrifugation at 15,000 x g for 10 min using a 
Sorvali HB4 swing out rotor and a Sorval RC5B centrifuge. 
The resulting nucleic acid pellet was resuspended in 8 ml of 
sterile double distilled water, ethanol precipitated as above, washed 
in 70% ethanol and desiccated. 
After resuspension to a final concentration of 1 mg/ml, RNA was 
isolated from the total nucleic acid in solution by addition of an 
equal volume of 5 N sodium chloride, storage at -5 to -10°C overnight 
and centrifugation at 5000 x g for 15 min at 2°C. The resulting RNA 
pellet was washed in 70% ethanol, resuspended and ethanol 
precipitated a further two times to remove residual salt before being 
resuspended in sterile double distilled water at a final 
concentration of 2 mg/ml and stored at -20°C. 
2.3.2.3 Isolation of total RNA from small amounts of plant tissue 
In order to maximize the yield of nucleic acids from small amounts of 
plant material (100 mg dry weight) the following protocol was adapted 
from Castr-esan et al. (1988). Plant material (either fresh or 
previously stored at -80°C) was ground to a fine powder in a pestle 
and mortar using liquid nitrogen. Using a sterile spatula, the frozen 
powder was placed in a pre-chilled 15 ml corex tube to which was 
added a minimum of 4 ml grinding buffer (5 M guanidinium thiocyanate, 
25 mM sodium citrate, 0.5% (w/v) sarcosyl, 2 mM EDTA, 1 mM 
mercaptoethanol and 50 mM Tris-Cl pH 7.6). The tube was then vortexed 
for 10 sec. For amounts of plant material greater than 1 g, 4 ml 
grinding buffer per gram fresh weight was added. 
Centrifugation was carried out at 5000 x g for 10 min in a Sorvali 
HB4 swing out rotor. The supernatant was removed to a fresh tube and 
to this was added an equal volume of phenol: chloroform (50:50 v/v). 
Each tube was vortexed for 10 sec, centrifuged for 15 min at 15,000 x 
g and the resulting upper aqueous phase removed to a 30 ml corex 
tube (depending on the plant tissue it was sometimes necessary to 
carry out a further phenol: chloroform extraction so that the aqueous 
phase was clear of contaminants). The volume of the a queous phase 
was made up to 7.5 ml with sterile double distilled water and the 
nucleic acids were precipitated by addition of 2,5 volumes of ethanol 
(increasing the volume of the aqueous phase was found to decrease the 
amount of salt coming out of solution during the ethanol 
precipitation; too much salt can lead to difficulties in resuspending 
the nucleic acid pellet). After storage at -20CC overnight, or -80CC 
for 1-2 h, each tube was centrifuged for 10 min at 15,000 x g. 	The 
resulting pellet was washed in 70% ethanol, centrifuged as before for 
5 min and all of the supernatant was removed but the pellet was not 
desiCcated at this stage. 
Total nucleic acids were resuspended in 2.5 ml of sterile double 
distilled water and the RNA was precipitated by adding 5 M lithium 
chloride to a final concentration of 2 M and storing the sample 
overnight at 4C. Each tube was centrifuged as for ethanol 
precipitation, the resulting pellet washed in 70% ethanol and 
resuspended in 2.5 ml water. The ethanol precipitation step was 
repeated to remove excess salt and the RNA pellet was finally 
resuspended in sterile double distilled water at a final 
concentration of 1 mg total RNA per ml. 
2.3.2.4 Enrichment for po1yA inRNA 
Enrichment for polyA mRNA was carried out using Hybond-MAPTM 
(messenger affinity paper) following the manufacturer's recommended 
protocol (Arnersham International plc). 
2.3.2.5 Isolation of total DNA from plant tissue 
Approximately 2 g of leaf material was ground to a fine powder using 
a pestle and mortar and liquid nitrogen. 7 ml of grinding buffer (15% 
w/v sucrose, 50 rnjvl Tris-Cl pH 8, 50 mM EDTA, 250 mM sodium chloride) 
was added and the homogenate was centrifuged at 2000 x g for 10 mm. 
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The supernatant was discarded and the pellet, containing intact 
nuclei, was resuspended in 10 ml of ice cold resuspension buffer (15% 
w/v sucrose, 50 mM Tris-Cl pH 8, 50 mM EDTA). 
To lyse the nuclei and remove proteins bound to the DNA, 400 p.1 of 
10% (w/v) SDS was added to the supernatant which was mixed well and 
placed in a water bath at 70CC  for 20 mm. The sample was then placed 
on ice and 1 ml of 5 M potassium acetate was added. The contents of 
the tube were mixed well by inversion and incubated on ice for 1 h. 
The resulting potassium dodecyl sulphate precipitate was sedimented 
by centrifugation at 15000 x g as in section 2,3.2.3. 
The supernatant was removed to a 50 ml Corning tube, 2.5 volumes of 
ethanol added and the contents were mixed slowly by inversion. 
Centrifugation at 4000 x g for 10 min sedimented the nucleic acids. 
The supernatant was removed and the pellet was resuspended in 5 ml of 
TE (10 mM Tris-Cl pH 7.5, 1 mM EDIA). 
To purify the DNA caesium chloride density gradient centrifugation 
was carried out. 5 g of caesium chloride were dissolved in the 5 ml 
solution and this was placed in a Beckmann, heat sealing, 
ultracentrifuge tube containing 0.5 ml ethidium bromide (10 mgs/ml). 
The volume was made up to that of the tube with liquid paraffin. 
Ultracentrifugation was carried out using a Beckmann 70. 1TI rotor and 
a Sorvall OTD65B ultracentrifuge at 110,000 x g for 48 h. 
The DNA band was collected under UV light using a 19 guage 
hypodermic needle inserted Just below the DNA band, the top of the 
tube having been punctured. Extraction of ethidium bromide was 
carried out using isopropanol saturated with sodium chloride, the 
extraction being repeated until the lower DNA-containing fraction 
became colourless, 
The DNA was then directly precipitated by addition of 2 volumes TE 
and 6 volumes of ethanol and incubation overnight at -20C. The 
precipitated DNA was sedimented as In section 2.3.2.3., washed in 70% 
ethanol and des cated. The DNA was finally dissolved in 100 p1 TE 
and the absorption of 2 p.1 of this solution in 1 ml of water was 
measured at 260 nm so that DNA concentration could be determined. 
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2.3.3 Radiolabelling.of nucleic acids for hybridisation studies 
Hybridisation probes for Southern blot analysis were radiolabelled by 
incorporation of a-[P]dCTP by the random primer extension method 
(Feinberg and Vogelstein, 1984). 
2.3.4 Nucleic acid hybridisation 
2.3.4.1 Southern blot analysis 
DNA was fractionated using 0.8 % agarose (Sigma, Type II) and 
transferred to Genescreen Plus',  membrane, following the 
manufacturers recommended protocol (DU PONT - catalogue no. NEF-976). 
Prehybridisations and hybridisations were carried out at 65C in 10% 
(w/v) dextran sulphate, 1% (w/v) SDS, 0.5 M sodium chloride, 0.05 M 
sodium citrate and 1004g/ml denatured herring sperm DNA. The final 
wash was carried out in 0.3 M sodium chloride, 0,03 M sodium citrate 
and 1% (w/v) SDS at 65CC. 
Removal of radiolabelled DNA and rehybridisation of membranes was 
carried out exactly as described in the manufacturers protocol (DU 
PONT). 
2.3.4.2 Northern blot analysis 
In the Northern blot analysis total RNA was fractionated by 
electrophoresis through an agarose/formaldehyde denaturing gel system 
and transferred to Hybond-N as described in the manufacturers 
protocol (Amersham mt. plc). Prehybridisation and hybridisation were 
carried out in 50% (v/v) forrnainide at 4-2C as described in the same 
protocol. The final wash was carried out in 0.015 M sodium chloride, 
0.0015 M sodium citrate, and 0.1% (w/v) SDS at room temperature. 
2.3.5 Creation of subclones 
All subclones of XMS11, in the various plasndds described in this 
thesis, were created using standard techniques (Maniatis et al,, 
1982). Subclones used in sequence analysis were similarly created 
from either the BscI fragment cloned into pUC18, or from the cDNA 
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pBSMS1.9. Restriction endonucleases which cut within the inserted DNA 
in these clones were used to derive fragments which were ligated into 
the appropriate sites of M13 rnp18 or mplY. 
2.3.6 Nucleotide sequence analysis 
Sequencing of subclones in M13 mp18 and mp19. was carried out 
according to the dideoxy chain termination method of Sanger et al. 
(1977). Single strand M13 DNA was prepared as described by Banger et 
al, (1980). The Kienow fragment of DNA polymerase I was used to 
synthesise a second strand from the single strand M13 DNA. Sequencing 
primers used were either the M13 primer 5' TCCCAGTCACGACGT 3' or 
synthetic oligonucleotides (17 mers) complementary to specific 
regions of the genomic sequence (section 3.5) 
Labelling of the DNA was by incorporation of a[3 S]dATP during the 
second strand synthesis. Labelled products were fractionated by 
electrophoresis in a 6% (w/v) polyacrylamide gel as described 
(Maniatis et al., 1982). All gels were exposed to CRONEX-4 X-ray film 
between lead plates at room temperature for 24-48 h. 
2.3.7 Primer extension analysis 
A 17mer oligonucleotide complementary to a region close to the 5' end 
of the MS gene (from position +5 to +21 in Fig. 3.5)) was used as a 
primer. Radiolabelling at the 5' end of the oligonucleotide involved 
the use of y[ 2P]dATP and T4 polyriucleotide kinase (Davis et al. 
1986). The end-labelled oligonucleotide was then hybridised to polyA 
RNA prepared according to sections 2.3.1.3 or 2.3.1.4 and 2.3.1.5, 
and extended using reverse transcriptase (Ghosh et al., 1980). This 
oligonucleotide was also used as a sequencing primer to generate the 
nucleotide sequence of 300 bp upstream from the nucleotide sequence 
compitmentary to the oligonucleotide. The products of this sequencing 
reaction were comigrated with those of the primer extension using 
polyacrylamide gel electrophoresis (section 2.3.6) thus allowing the 
exact size of the major product in the primer extension to be 
established. 
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2.4 COMPUTER ANALYSIS 
Assembly and analysis of nucleotide and derived amino acid sequence 
data was carried out using the programs (Devereux et al. , 1984) of 
the University of Wisconsin Genetics Computer Group (UWGCG) through 
the VAX 8000 system at Edinburgh University. 
2.5 PRODUCTION AND ANALYSIS OF TRANSGENIC PLANTS 
2.5.1 Construction of plant transformation vectors and their 
conjugation into A. tuinefaclens 
Recombinant plasmids derived from either pBIN19 or pBI101.1 as 
described in chapter 4 were constructed in E. coil strain NM522 using 
standard procedures (Maniatis et al,, 1982). Prior to ligation of the 
BscI fragment into the SinaI site of the pBIN19 polylinker (fig 4.1) 
the Klenow fragment of DNA polymerae I was used to create blunt ends 
on the fragment as described in Maniatis et al. 	(1982). Conjugation 
of these plasmids into A. tumefaciens involved a triparental mating of 
the doner and host strains along with E. coil strain HB101 carrying a 
conjugation helper plasmid, pRK2013, essentially as described by 
Draper et al. (1988). Southern blot analysis (section 2.3.4.1) was 
carried out on total nucleic acids from the A. turnefaciens strains 
harboring the recombinant plasmid (section 2,3.2.1) in order to 
confirm its presence and to check for rearrangements which may have 
occured during the conjugation event. 
2.5.2 Leaf Disc Transformation 
2.5.2.1 General conditions 
All tissue culture procedures were performed under sterile conditions 
in a laminar flow cabinet using standard aseptic technique. All plant 
material in culture was kept in growth rooms with 24 h illumination 
from white fluorescent tubes (Thorn 3500) providing a light intensity 
of 1050 lux at a constant temperature of 25CC. 
Plants cultivated in the greenhouse were potted in Levington 
Universal potting compost (Fisons, Ipswich). Supplementary lighting 
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from mercury vapour lamps was used to maintain a 16 hour daylength in 
winter months. 
Cultivation of all genetically manipulated plants and bacteria was 
carried out according to the code of practice of the local Genetic 
Manipulation Safety Committee, 
2.5.2.2 Preparation of bacterial suspension for inoculation of leaf 
discs 
A. 	tumefaci ens strain LBA4404, carrying the appropriate plant 
transformation vector, was streaked on an LB agar plate (section 
2.2.4) containing 100 g/ml rifampicin, 500 p.g/ml streptomycin and 25 
p.g/ml kanamycin, resistance to these antibiotics being carried on the 
bacterial chromosome, the virulence helper plasmid pBA4404 and the 
binary vector respectively. Plates were incubated for 24-48 h at 28CC 
and a single colony was used to ihoculate 5 ml of LB containing 20 
g/ml kanamycin. This culture was similarly incubated with shaking in 
a New Brunswick shaker at 300 rpm and 1 ml of this was used to 
hoculate a further 50 ml of the same medium. After a further 24 h 
incubation period the cell suspension was centrifuged at 1000 x g for 
10 mm. The resulting pellet was washed twice in 2 mM magnesium 
sulphate, resuspended in 10 ml of N. pJumbaginifolla shooting medium 
(section 2.2.5) and used for inoculation of leaf discs. 
2.5.2.3 Preparation of leaf discs 
Fully expanded leaves from N. plurnbaginifolia, grown under greenhouse 
conditions outlined in section 2.5.2.1, were excised and surface 
sterilized in a 10% (W/ V) solution of calcium hypochiorite, 
containing a few drops per litre of By-Prox detergent as a wetting 
agent. After fifteen min the solution was drained off and the leaves 
were rinsed five times in sterile, single distilled water. Using a 
15 mm diameter cork borer, leaf discs were punched from the surface 
sterilised leaves, care being taken to avoid the midrib or other 
major veins. 
44 
2.5.2.4 Inoculation of leaf discs and regeneration of transformed 
plants 
Leaf discs were immersed in the bacterial suspension for 10 min and 
then removed to N. plumbaginifoija shooting medium and incubated for 
48 h at 25C. After this inoculation period the Agrobacterium were 
removed from the discs by overnight incubation in 100 ml of N. 
plumbaginifoija shooting medium without agar and containing 1 mg/ml 
carbenicillin. Leaf discs were then cultured on solid N. 
plumbaginifolia shooting media containing 500 4g/ml carbenicilljn and 
1004g/ml kanamycin. 
After 5-6 weeks putative transformed shootlets had advanced to the 
stage were they could be removed to rooting medium (section 2.2,5). A 
sterile scalpel was used to excise shootlets about 1 miii above the 
basal callus. These were transferred to rooting medium containing 100 
4g/ml kanamycin. Shootlets which formed roots in the selection medium 
were transferred to Levington Universal potting compost and initially 
cultivated at a high humidity in a Perspex propagator, the humidity 
being decreased over a period of 1 week, Further growth of transgenic 
plants was carried out under greenhouse conditions described in 
section 2.5.2,1. 
Petunia (Mitchell) leaf discs were transformed by S.M. Smith during 
an advanced laboratory course at the University of Amsterdam. 
Regeneration of whole plants from transformed tissue was carried out 
exactly as described for N. plumbaginifoija except that Petunia 
shooting medium was used, 
2.5.3 Production and collection of seed 
All N. plumbaginifo.zja plants were allowed to self fertilise and 
seed was harvested after fruit ripening in the intact capsule. Seed 
was removed from the capsule and stored at room temperature in 
labelled greaseproof paper bags. 
For Petunia (Mitchell) it was necessary to transfer pollen from 
the anthers to the surface of the stigmata by hand since In this 
variety the anthers are positioned below the stigmata in the flower 
and self fertilisation does not occur under normal conditions. 
No special measures were taken, apart from the physical separation 
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of plants, to prevent unwanted outbreeding, since emasculated flowers 
left unattended in the greenhouse were never found to set seed. 
Unintentional crossbreeding by means of air currents or insects was 
therefore not considered to be a problem. 
2.5.4 Germination of N. plumbaginifolia and Petunia (Mitchell) seeds 
100 mg dry weight seed batches to be used for RNA isolation were 
imbibed overnight at 4C in single distilled water plus 1 mM 
gibberellic acid in an microcentrifuge tube. Each seed batch was 
rinsed once with water and, using a 1 ml Gilson with 5 mm cut off the 
end of the attached blue tip, seeds were transferred to a 9 cm petri 
dish containing 3 layers of moist filter paper (Whatman). Seed 
germination was carried out in a growth cabinet with a 16 h daylength 
of moderate light intensity (3000 lux) being provided by white 
fluorescent tubes (Thorn 3500) at a constant temperature of 25C. 
Dark grown seeds were incubated in the same growth cabinet, the petri 
dishes containing the seeds being wrapped in black polythene bags. 
Seeds to be used for MS enzyme assays, chlorophyll determination, 
GUS fluorescence and histochemical staining were germinated exactly 
as above except that they were surface sterilised by soaking in 107 
(v/v) sodium hypochlorite for 10 min and rinsed four times in sterile 
double distilled water prior to imbibition. 
In studies investigating the inheritance of kanamycin resistance in 
selfed progeny of transgenic plants, the procedure outlined in the 
last paragraph was followed except that seeds were germinated on 
rooting medium (hormone free medium, see section 2,2.5) containing 
400 ig/rnl hanamycin. 
2.5.5 Selection of germinating seed at specific developmental stages 
Since germination of seed batches of Nicotiana and Petunia Is not 
synchronous (Benfey et aJ., 1989, Sink, 1984) It was necessary to 
select seedlings at specific stages of germination for developmental 
studies involving MS and GUS enzyme activities, and amounts of 
chlorophyll. Seedlings representing the most advanced stage of 
development in a seed batch were selected on each day after the onset 
of germination (fig 4.9) using a binocular microscope and fine 
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forceps. 
Seed were homogenised on ice in 1.5 ml microcentrifuge tubes 
containing the relevant homogenisation buffer using a hand operated 
glass pestle which fitted exactly into the tube. The pestle was 
washed in ethanol after each homogenisation. Homogenised samples were 
stored at -80CC so that whole sets of assays could be performed under 
identical conditions. 
2.5.6 Chlorophyll determination 
Whole seedlings were assayed for chlorophyll content by a 
modification of the procedure described by Arnon (1949), in which the 
chlorophyll is extracted by solubilisation in 80% acetone and is 
quantitated by determining the absorbance at the absorption maxima 
for chlorophylls a and b. The following equation is then used to 
relate absorbance (A) to the amount of chlorophyll in the acetone 
extract. 
Chlorophyll conc. (g/ml) = 20.2 (A E) + 8.02 (A,) 
Fifty seedlings from each developmental stage were homogenised, as 
described in section 2,5.5., in 250 l of 80% (vlv) acetone. 
Microcentrifuge tubes were centrifuged at top speed in an MSE Micro 
Centaur centrifuge for 2 mm. The supernatant was removed and the 
pellet was re-extracted a further three times leaving a final volume 
of 1 ml of acetone extract. Chlorophyll content was calculated using 
the above equation and converted to chlorophyll concentration per 
seedling by dividing by fifty. 
2.5.7 Malate synthase enzyme assay 
Malate synthase activity in whole seedlings was measured essentially 
as described by Koller and Kindi (1977). MS catalyses the following 
reaction: 
0 	 0 	 0H11 
II II 
H-C-COOH + CH-C-S-CoA + H0 -' COOH-C--C-COOH + HS-CoA 
H  
glyoxylate 	acetyl CoA 	 malate 	CoA 
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In this assay, dithiobis-nitro-benzoic acid (DTNB or Eliman 
reagent; Eliman, 1959) reacts with the free suiphydryl groups 
produced during the conversion of acetyl Coenzyme A (acetyl CoA) to 
CoA. The yellow complex formed during this reaction is used for a 
direct photometric assay of MS activity by determining the change in 
absorbance at 412 nm. 
Fifty seeds from each germination stage were homogenised, as 
described in section 2.5.5., in a total volume of 250 il 
homogenisation buffer (50 mM Tris-HCl pH 8.5, 50 mM potassium 
acetate, 5 mM magnesium acetate, 0.2 mM dithiothreitol). The 
homogenate was centrifuged as in section 2.5.6 and 100 p.1 of the 
supernatant was used per enzyme assay. 
To each of two 1 ml cuvettes was added 0.7 ml of distilled water, 
0,1 ml of MS substrate solution A (1 M Trls-HCl pH 8, 1 mM DTNB, 50 
mM magnesium chloride, 40 mM sodium glyoxylate) and 0.1 ml of the 
homogenate sample. Both cuvettes were placed in the spectrophotometer 
and the absorbance at 412 nm was taken as the zero starting point. To 
start the reaction 0.1 ml of MS substrate solution B (0.6 mM acetyl 
CoA) was added to the sample cuvette and 0.1 ml of distilled water to 
the blank cuvette, both being mixed well. Increase In absorbance was 
monitored on a chart recorder, with the rate of reaction being taken 
as the straight line Increase between 1 and 4 min after addition of 
acetyl CoA. Using the following equation, the enzyme units of MS 
present in the 0.1 ml sample were calculated: 
enzyme units/sample = A4 rni,-A2,ntr X 38.46 
The 38.46 factor in this equation is used to convert absorbance 
change to enzyme units. Calculation of this factor is as follows: 
The assay involved the measurement of a change in absorbance over a 
specific time period. The Beer Lambert Law is used to convert this 
change to a change in molar concentration. 
Beer-Lambert's Law 	 A = ar,,bc 
where 	A = absorbance 
= molar extinction coefficient (cm2 molt) 
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b = pathlength of light through solution (cm) 
c = concentration of solute (moles. litre--') 
Absorbance change over a period of time was measured so the time 
element can be introduced into Beer Lambert's Law: 
AA = a, b Ec 
Taking a value for AA of 0.01/2mm, and knowing that the a., for the 
complex of DTt'TB and CoASH = 1.3 x 10. cm2. mol' (Cooper and Beevers 
1969) and b = 1cm, then: 
Ac = 0.01/2 mm 
(1,3 x 107cm2. molt) (1.0 cm) 
3.846 x 10° mol. CM-3. min." 
The reaction was carried out in a total volume of lml therefore the 
actual value is: 
ZSc = 3.846 x 10° inol. mm . 
In this calculation one unit of MS has been defined as that amount of 
enzyme required to convert 1 nanomole of substrate to products per 
minute. 
therefore 1c = 0.3846 nmol. mint 
Thus, a M of 0.01/2min was due to a Lc of = 0,3846 nmol. mint. 
and so a M of 1 OD unit per 2 min is equivalent to a & of 38.46 
nmol. min-' 
This value for Ac can therefore be used as the multiplication 
'factor' to convert the AA/2 min to enzyme units as defined above. 
2.5.8 Fluorogenic assay of -g1ucuronidase (GUS) activity in 
germinating N. p1umba.1nifo1ia seeds 
The procedure as described by Jefferson (1987) was followed. This 
assay utilises the ability of GUS to cleave the non-fluorogenic 4-
methyl umbelliferyl glucuronide (MUG) to release 4-methyl 
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umbelliferone (7-hydroxy--4--methyl coumarin) which is fluorescent when 
the hydroxyl group is ionised in the presence of 0.2 mM sodium 
carbonate. 
Fifty seeds from each germination stage were homogenised, as 
described in section 2.5.5, in a total volume of 100 il GUS 
extraction buffer (50 mM sodium phosphate pH 7.0, 10 mM 
dithiothrietol, 1 mM EDTA, 0.1% Sodium lauryl sarcosine, 0.1% triton 
X-100). The homogenate was centrifuged as in section 2.5,6. and 50 l 
of the cleared extract was used per enzyme assay. 
The reaction was carried out at 37C and to start it 50 l of the 
extract was added to 0.5 ml of 1 mM MUG in GUS extraction buffer, 
prewarmed at 37C. The contents of the tube were vortexed briefly and 
after 2 min a 100 41 sample was removed to 900 .il of 0.2 mM sodium 
carbonate. As GUS activity remains linear for a very long time 
(Jefferson, 1987), this sample was taken as the zero time point in a 
series of 100 M1 aliquots removed after a further 30, 60, 120 and 180 
min for each reaction. Concentrations of MU (4-methyl umbelliferone), 
the product of this reaction, were determined by measuring its 
fluorence using a Perkin-Elmer LS series spectrofluorimeter, 
excitation at 365 nm and emission at 455 nm. The spectrofluorimeter 
was calibrated before each use with known standards of 
methylumbelliferone such that 100 nM MU was equivalent to 100 units 
of relative fluorescence. The relative fluorescence of the samples 
could therefore be read directly as nM MU. The rate of reaction for 
each sample can therefore be calculated from the change in MU 
concentration with time. Results are presented as pmoles 
MU/minute/seedling. 
2.5.9 Histochentical assay of GUS activity in germinating N. 
p1 uwbagini fol ía seeds 
Histochemical staining was carried out as described by Jefferson 
(1987) with several modifications. Whole seedlings, representing the 
various stages of germination, were incubated overnight in micro-
titre dishes at 37CC in 1 mg/ml X-gluc (5-bromo-4-chloro-3-indolyl 
glucuronide) plus 0.057 Triton. In young seedlings (days 1 and 2 of 
germination, see fig 4.8) fine forceps were used to remove the embryo 
from the seed coat and endosperm before placing in a single well of a 
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micro-titre dish for staining. 
After staining, material was fixed using 0.3% formaldehyde in 0.3 M 
marinitol, 10 mM MES, pH 5.6 for 30 min at room temperature. This was 
followed by three washes in 50 mM sodium phosphate, pH 7.0. 
Specimens were placed on glass slides with a cover slip on top for 
photography. Micrographs were taken using a Leitz Wetzlar Dialux 20 
microscope fitted with a blue light, filter (Hoya 82A) and Kodak 
Ektachrome 160 tungsten-balanced film. 
2.6 Induction of senescence in mature leaves of N. plumbaginifolia 
and C. sativus. 
Cultivation of plants was as described, in section 2.5.2.3. Mature 
leaves of similar size were excised and placed on moist filter paper 
(Whatman) in petri dishes which were then sealed with parafilm. The 
dishes were incubated either in permanent darkness or in a 16 h light 
8 h dark photoperiod in a growth cabinet with moderate light 
intensity (3000 lux) being provided by white fluorescent tubes (Thorn 
3500) at a constant temperature of 25CC. The period of incubation 
under these conditions was regarded as the period of senescence. 
Isolation of RNA from senescing C. sativus leaves followed the 
protocol described in section 2.3.2.3, with one whole leaf being used 
for each RNA preparation. 
For the fluorogenic assays of GUS activity in senescing N. 
plumbaginifolia leaves, whole leaves were ground to a fine powder in 
liquid nitrogen and 50 mg of this material was weighed into a 
prechilled microcentrifuge tube. To this was added 100 il of GUS 
extraction buffer and the assay was carried out exactly as described 
in section 2.5.8. 
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CHAPTER 3 
STRUCTURAL CHARACTERISATION OF THE 
CUCUMBER MALATE SYNTHASE GENE 
3.1 STAGE OF PROJECT AT START OF WORK PRESENTED IN THIS THESIS 
Previously a cDNA clone from C. sativus, designated pMS730, encoding 
the carboxy terminal end of the MS protein, was isolated and 
sequenced (Smith and Leaver 1986). Using this cDNA clone as a probe, 
a 13.3 kbp DNA fragment encoding the MS gene was isolated from a 
genomic library of C. sativus by L.M. Smith in this laboratory. 
Southern blot and sequence analysis of the genomic clone allowed the 
cDNA pMS730 to be mapped on the genomic fragment and in so doing 
identified the region corresponding to the 3' end of the MS gene (fig 
3.1). A 5.4 kbp EcoRI fragment which extends upstream from this 
region was subcloned and used to generate further subclones for 
sequence analysis. The extent to which this sequence analysis had 
progressed at the start of the work presented In this thesis is 
summarised In figure 3.1. The nucleotide sequence of 2.5 kbp upstream 
from the region showing sequence homology with the cDNA pMS730 along 
with a 600 bp region further upstream had been determined. The 
dideoxy chain termination method (Sanger et al. 1977) was used In the 
determination of this sequence and 90% of this was checked by the 
method of Maxam and Gilbert (1977). 
At the 3' end of the gene, no nucleotide sequence had been 
determined beyond the region having sequence identity with the cDNA 
pMS730. Therefore, although 60% of the nucleotide sequence presented 
in this work had already been determined, there was no knowledge of 
gene structure as regards the start of transcription, start of 
translation or the presence of introns within the coding region of 
the gene when the present work started. Furthermore, no MS sequence 
from any other organism was available to compare with that of 
cucumber, the MS sequence for E.coli being just recently published 
(Byrne et.al 1988). 
Southern blot analysis had been carried out to establish the copy 
number of the MS gene in the cucumber genome. This work has been 
repeated for this thesis and the results are presented in the next 
section. 
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Figure 3.1 
Restriction endonuclease map of the genomic clone XMSII showing the 
regions already sequenced (solid bars) at the start of the work 
presented in this thesis, The open box under the map represents the 
region having sequence identity with the cDNA clone pMS730. E = 
EcoRI, H = HindIII, (E) represents EcoRI sites which originate from 
the cloning site in EMBL4, 
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3.2 DETERMINATION OF GENE COPY NUMBER 
To establish the copy number of the MS gene in the cucumber genome 
Southern blot analysis was carried out. High molecular weight genomic 
DNA was digested with the restriction endonucleases BamHI, EcoRI and 
HindIII and hybridised with the cDNA pMS730. There is one EcoRI site 
and two YIndItI sites in pMS730, but no BaizI site. The resultant 
hybridisation pattern is shown in figure 3.2.a. The probe contains 
only 40 bp of homology with a 1,3 kbp EcoRI fragment from the 3' 
end of the gene, and the 0.1 kbp internal HindIII fragment transfers 
and hybridises inefficiently, so these fragments are only effectively 
detected with longer autoradiographic exposures or in the genomic 
clone (fig 3.2.b). These results are consistent with there being a 
single copy of the MS gene in the cucumber genorne. 
3.3 LOCALISATION OF THE MALATE SYNTHASE GENE ON THE 13.3 kbp GENOMIC 
FRAG!€NT OF XMSI1 
In order to establish how far the MS gene extends in the 5' direction 
from the region showing sequence identity with the cDNA clone pMS730, 
Northern blot analysis was carried out on total RNA isolated from 3 
day old dark grown cucumber cotyledons, using as probes three 
different DNA fragments representing a 3.9 kbp region of XMS11 (fig 
3.3.a). To eliminate the possibility of contamination of these 
fragments with other regions of the genomic clone during their 
isolation, they were subcloned into pUC18 and the inserts were then 
isolated from each of the resulting plasmids. An 800 bp EcoRI-BscI 
fragment (solid bar 1 in fig 3.3.a), encompassing a region 
approximately 5 kbp upstream from the 3' end of the gene does not 
hybridise in such an analysis (fig 3.4, lane 1) whereas two other 
fragments, one extending 3241 bp from the same EcoRI site to a Sad 
site (solid bar 2 in fig 3.3.a) and the other, a 652 bp Sad-Sad 
fragment (solid bar 3 in fig 3.3.a) do hybridise (fig 3.4, lanes 2 
and 3). This result suggests that the start of transcription lies 
within the 2.4 kbp region downstream from the 5' BscI site on ?MS11 
(fig 3.3.a). The 5112 bp BscI fragment hybridising to pMS730 in 
figure 3.2.b (represented by solid bar 4 in figure 3.3.a) includes 
this region and extends 0.65 kbp downstream from the region showing 
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Figure 3.3 
Restriction endonuclease map of a 13.3 kbp genomic fragment of 
XMS1I containing the malate synthase gene. Restriction enzymes used 
were: E = EcoRI, H = HlndIII, Bsc = BscI, S = Sad. The EcoRI sites 
in brackets at either end of the fragment originate from the cloning 
sites in EMBL4. Only those SacI sites relevant to the construction of 
sub-clones are indicated. Solid bars 1., 2 and 3, above the 
restriction map represent sub-cloned fragments used in Northern blot 
analysis (see fig 3.4). Solid bar 4 represents the BscI fragment, the 
nucleotide sequence of which is presented in figure 3.5. 
Diagrammatic representation of the MS gene structure. Hatched 
boxes represent protein coding region, empty boxes represent 3' and 
5' untranslated regions and introns. The vertical line topped by a 
triangle represents a putative TATA box (see fig 3.5) located 32 bp 
upstream from the transcription initiation site represented by a 
flag. 
Mature MS mRNA. The 39 nucleotide untranslated leader sequence is 
followed by AUG start and UGA termination codons which delimit a 1704-
bp 
704
 ORF (hatched box). Alternative polyadenylation sites, as 
determined by sequence analysis of cDNA clones, are indicated by 
"poly A". 
1903 bp cDNA, pBSMSI.9, encoding the complete mRNA apart from 9 
nucleotides of 5' untranslated leader sequence. This cDNA has a 3' 
untranslated region of 151 bp and poly-A tail of 18 nucleotides. 
562 bp cDNA pMS730 which encodes the carboxy terminal end of the 
MS protein. This cDNA has a 3' untranslated region of 198 bp and 
poly-A tail of 34 nucleotides. 
MS protein with predicted size as indicated. The putative 
glyoxysomal/peroxisomal targeting signal Ser-Lys-Leu is indicated at 
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sequence identity with pMS730. The BscI fragment was therefore 
assumed to contain the whole MS gene and was subcloned for sequencing 
and transfer into transgenic plants. 
3.4 CHARACTERISATION OF AN APPROXIMATELY FULL LENGTH MALATE 
SYNTHPISE cDNA 
3.4.1 Sequence analysis 
In order to locate the presence of introns within the coding region 
of the MS gene and also to localise further the start of 
transcription on the genomic clone, the nucleotide sequence of a 1.9 
kbp MS cDNA clone, designated pBSMS1.9 (obtained from J. Hunter and 
B. Schwartz, University of Wisconsin), was determined. The sequencing 
strategy adopted to sequence this cDNA Involved the generation of 
overlapping S8u3A, HpaII, Rs& and TaqI restriction fragments and 
determination of their nucleotide sequence by the dideoxy chain 
termination method (Sanger et.al ,, 1977). 
Comparison of the nucleotide sequence of pBSMSI,9 with the 2.5 kbp 
stretch of nucleotide sequence previously determined from the genomic 
clone (see fig 3.1a) indicated that the 5' end of the cDNA extended 
34 bp beyond the known genomic sequence. Primer extension analysis to 
determine the start of transcription on the genomic sequence (see 
below) revealed that pBSMS1.9 is missing the first 9 nucleotides of 
the 39 nucleotide 5' untranslated leader sequence present on the MS 
mRNA. The nucleotide sequence of the BscI fragment (determination of 
which Is outlined in section 3.5) containing the MS gene and which 
therefore includes the cDNA sequence is presented in figure 3.5. 
3.4.2. Identification of introns 
Comparison of the sequences from the cDNA and genomic clones also 
revealed the presence of three introns within the MS gene (fig 3.3.b 
and fig 3,5). The 5' and 3' splice junctions of these introns show 
good homology with the consensus sequences for plant introns (Brown, 
1986, see tables 3.1.a and 3.1.b). Putative branch point sequences 
similar to the consensus sequence for putative branch points in plant 
introns (Brown et.al., 1986) are present near the 3' splice site of 
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Figure 3.5 
Primary structure of the MS gene. The nucleotide sequence presented 
is that of the BscI fragment (fig 3.3,a). Protein coding sequence 
only is in upper case letters. The derived amino acid sequence is 
shown in single letter code. Nucleotides are numbered in the 5' to 3' 
direction begining with the first residue of the initiator codon ATG. 
The putative cAMP responsive element at position -172, the TATA box 
at position -73 and the sequence surrounding the start of 
transcription at position -39 are underlined. The adenine nucleotide 
representing the start of transcription is in bold type as are the 
adenine nucleotides, at positions +2734 and +2781, which act as sites 





ct caccacaaaaagq-tatcaag-ttgaatactgatttgaaaagat acttgaagctcctttgggcctacact caaaacagc 
tt t cacacct cataattgattgacagaaagaagttaccaagaaat accgttgaat aatttct cttgt aaaagaaagaaa 




















ATG GGA TCG CTT GGG ATG TAT TCC GAA TCA GGA TTA ACG AAG AAG GGT AGC AGC AGA GGC 
M G S L G M Y S H S G L T K K G S S R G 
61 
TAC GAC GTT CCA GAG GGA GTG GAC ATT CGA GGA CGC TT GAT GAA GAA TTT GCC AAA ATT 
Y D V P E G V D I R G R Y D H E F A K I 
121 
CTC AAC AAG GAA GCC TTG TTG TTT ATC GCT GAT TTA GAG AGA ACT TTT AGA AAC CAC ATC 
L N K E A L L F I A D L Q R T F R N H I 
181 
AAG TAT TCG ATG GAA TGC CGC AGA GAA GCC AAG AGG CGG TAT AAT GAA GGG GGG TTA CCG 
K Y S M E C R R E A K R R Y N H G G L P 
241 
GGG TTT CAT CCG GCG ACT AAG TAT ATA AGA GAT TCT GAG TGG ACA TGT GCC CCT GTC CCC 
G F D P A T K Y I R D S E W T C A P V P 
301 
CCA GCA GTT GCT SAT CGG AGA GTG GAG ATC ACC GSA CCT GTG GAG CGG AAG ATG ATC ATC 
P A V A D R R V E I T G P V E R K M I I 
361 
?AC GCA CTC AAT TCT GGA GCT AAA GTT TTC ATG gtctgttctctcttccttctctctcctaaagactt 









rI'T GAA GAT GCA CTG TCA CCA AAT TGG GAG AAT CTG ATG AGG GGG CAA ATT AAT CTT AAG 
F H D A L S P N W H N L M R G Q I N L K 
883 
GAT GCA GTG GAT GGG ACT ATA AGT TTC CAT GAT AGA GTT AGA AAC AGG GTT TAT AAG CTG 
D A V D G T I S F H D R V R N R V Y K L 
943 
AAT GAT CGG ACA GCC AAG CTC TTT GTC CGC CCT CGA GGT TGG CAT TTG CCA GAG GCT CAT 
N D R T A K L F V R P R G W H L P E A H 
1003 
ATC TTC ATT SAC GGC GAG CCT GSA ACC GGC TGT CTT GTG GAT TTT GGG CTC TAT TTT TTC 
1 F I D G E P A T G C L V D F G L Y F F 
1063 
SAC AAC CAT GCT AAT TTT CGA CGC TCT CAA GGT CAA GGT TAT GGC CCT TTC TTT TAC CTT 
H N H A N F R P. S Q G Q G Y G P F F Y L 
1123 
CCC AAA ATG GAG SAC TCC AG gttattataaatcttcatccaaatatgtaaccaattgtgcaagttttgagaa 








atatgtgatg-tgtag G GAA GCT AAA ATA TGG AGG GGC AGO ATC AGG AAC AGT GTA TTT GAG 
-E A K I W N S V F E R A E K M 
1572 
AGG GOA GAG AAG ATG GOA GGG ATA GAG GCC ACC GTA CTA ATT GAA ACA CTT OCA GCA GTG 
A G I E R G S I R A T V L I E T L P A V 
1632 
TTT CAA ATG AAT GAA ATA OTT TAO GAG CTG AGG GAT CAC TOT GTG GGA TTG AAC TGT GGT 
F Q M N E I L Y E L R D H S V G L N C G 
1692 
AGA TGG GAT TAO ATA TTC AGO TAT GTC AAG ACC TTC OAG GCT CAC OOA GAT OGT CTA TTA 
R W D Y I F S Y V K T F Q A H P D R L L 
1752 
CCC CAT OGG GTC CTA GTC GGT ATG ACC CAA OAT TTC ATG AGG AGO TAT TOT GAT OTT CTO 
P D R V L V G M T Q H F M R S Y S D L L 
1812 
ATO AGG ACT TGT CAC AGG CGT GGT GTG OAT GOC ATG GGA GGC ATG gtaggtataatacaaacat 
I R T 0 H R R G V H A M G G M 
1876 
tgcattcaataatatttcacatccagagttttgacagctagattctttttgcag GOT GOT CAA ATT OOG ATT 
A A Q I P I 
1948 
AGA GAO GAT COG AAG GOA AAT GAG GTA GOA OTT GAG CTA GTG AGG AAG GAO AAA CTG AGG 
R D D P K A N E V A L E L V R K D K L R 
2008 
GAG GTA AAG GOA GGG OAT GAT GGA ACA TGG GOA GOA OAT OCA GGA CTA ATO COG GOT TGT 
E V K A G H D G T W A A H P G L I P A C 
2068 
ATG GAA GTC TTC ACC AAC AAC ATG GGG AAT GOC COO AAC CAA ATT OGA TOO ATG AGA OGT 
M E V F T N N M G N A P N Q I R S M R R 
2128 
GAO GAT GOT GCA AAC TTG ACC GAA GAA GAT OTO TTA CAA GAG OCA AGA GOT GTA OGT ACA 
D D A A N L T E E D L L Q Q P R G V R T 
2188 
ATG GAA GGG OTT OGO TTG AAC AGO OGA GTT GGG ATT GAG TAO CTA GOO GOA TGG CTA ACC 
M E G L R L N T R V G I Q Y L A A W L T 
2248 
GGG GOT GGC TOG GTG COT CTA TAO AAC OTT GOG GAA OAT GOA GOA ACA GOA GAA ATT AGO 
G A G S V P L Y N L A E D A A T A E I S 
2308 
AGG GTT CAA AAC TGG CAA TGG CTG AAG TAT GGA GTG GAA TTG OAT GGA OAT GGG OTT GGT 
R V Q N W Q W L K Y G V E L D G D G L G 
2368 
GTG AGA GTG AAC AAG GAA CTG TTT GGG AGA GTG GTG GAA GAA GAA ATG GAA AGG ATT GAA 
V R V N K E L F G R V V E E E M E R I E 
2428 
AGA GAA GTT GGG AAA GAG AGA TTC AAA AAA GGA ATG TAO AAA GAA GOT TGO AAG ATG TTC 
R E V G K E R F K K G M Y K E A 0 K M F 
2488 
ACA AGG CAA TGO ACA GOT COA AAT TTG OAT GAO TTT CTG ACC TTA GAO GOT TAO AAC TAT 
T R Q C T A P N L D D F L T L D A Y N Y 
2548 
ATT GTT ATA OAT OAT COA AGG GAA TTG TOO AAG OTT TGA aaagtgaaaaccaccaccaaaacactt 











Tables 3. la and 3. lb 
Comparison of the nucleotide sequences at the 5' (table 3. 1a) and 3' 
(table 3.1b) splice junctions of introns in the cucumber MS gene with 
their respective consensus sequences derived from analysis of 177 
plant introns (Brown, 1986). The exon - intron junction is 
represented by a colon (:). Numbers under the consensus sequence in 
each table represent the frequency of occurrence of the nucleotide in 
that position in 177 plant introns. 
Table 3.lc 
Comparison of putative branch point sequences from the introns of the 
cucumber MS gene with a published consensus sequence for putative 
branch points derived from analysis of 168 plant introns (Brown et 
al., 1986). Numbers under the adenine nucleotide in each sequence 
indicate the number of nucleotides to the 3' splice junction. 
63 
Table 3.la 
-3 -2 -1 :i 2 +3 +4+5 6 
INTRON 	I 7 A T 0 : 	0 T C T 6 	T 
INTRON2 CA 6   T A A AA 
INTRON 3 H T 0:0 TAG 0 T 
CONSENSUS 	A 6 6 T A A 0 T 
58 98 177 177 176 12498 115 87 
Table 3.lb 
-15-14-13-12-11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 
INTRONI T C AA AA I 	bAAAAL/:, 
INTRON2 A TAT OT 6 	AT G  GTAG:G 
INTRON3 A 6 A T T C T 	T T T T 6 	C A 6 6 
CONSENSUS T T T T T T T 	T T T T 6 	C A 6 6 
Pu 	Pu Pu Pu Pu 
83 	93 	89 78 93 83 74 67 73 78 120 88 118 176 176 106 
TABLE 3.lc 
INTRONI 	T T T 6 A T 
(28) 
INTRON2 	T T T 6 A C 
(61) 
INTRON3 	T T T 6 A C 
(21) 
CONSENSUS 	C T Pu A Py 
(16 - 49) 
64 
all three introns (table 3.1.c). 
Recent work (Hanley and Schuler, 1988) suggests that introns in 
genes from dicots and monocots can be classified on the basis of the 
purine or pyrimidine content of sequences upstream from their 3' 
splice site, with a higher proportion of introns in genes from dicots 
being purine rich and a higher proportion of introns in genes from 
monocots being pyrimidine rich. The introns in the MS gene agree with 
this classification as introns 1 and 2 are purine rich while intron 3 
falls into a third "mixed" class. Purine rich and mixed introns 
resemble yeast introns which lack pyrimidine tracts at their 3' end 
and have strictly conserved 5' splice sequences (Padgett et.al., 
1986) Pyrimldine rich introns on the other hand resemble mammalian 
introns where specific pyrimidine rich sequences near the 3' end are 
required for the initial 5' cleavage events (Reed and Steitz, 1985), 
the 5' splice sequences being relatively unconserved. The presence of 
both these classes of introns in plants, sometimes within a single 
gene, suggests that both mammalian and yeast recognition mechanisms 
exist in plant nuclei. The difference in frequency of these classes 
of introns between monocots and dicots may account for the 
inefficient in vivo expression of monocot genes containing introns in 
dicot plants. 
3.4.3 Open reading frame 
The cDNA pBSMS1.9 is 1885 bp in length excluding the poly A region 
and contains a continuous open reading frame (ORF) which terminates 
at a TGA termination codon 151 nucleotides from the 3' 
polyadenylatlon site (fig 3.5). There are two AUG (ATG) codons 12 bp 
apart near the beginning of the ORF which could potentially initiate 
translation. The first AUG is probably favoured as (a) 95% of all 
eukaryotic mRNAs examined initiate translation at the first AUG codon 
(Kozak, 1984) and (b) the sequence surrounding the first AUG codon 
(5' ACCAAGAUGG 3') shows greater homology with the consensus 
sequences regarded by Kozak (1984) and Joshi <1987a) as being 
important in initiating translation (5' CCA/GCCAUGG 3'and 5' 
TAAACAAUGG 3' respectively). 
Translation of the ORF from the first AUG codon (position +1 in fig 
3.5) gives rise to a polypeptide of 568 amino acids with a predicted 
65 
molecular weight of 64,961, This value is in good agreement with the 
M,.. 63,000 determined previously for cucumber MS by sodium dodecyl 
sulphate polyacrylamide gel electrophoresis (Koller and Kindi, 1977). 
3.4.4 3' end of the malate synthase gene 
The 31  ends of pBSMS1.9 and pMS730 terminate at different points 
giving rise to 151 and 198 nucleotides of 3' untranslated region 
respectively (fig 3.3.d, 3.3.e and fig 3,5). This suggests that the 
mRNAs from which these cDNA clones have been derived are 
polyadenylated at different positions. This could be a result of the 
mRNAs being the product of different genes or multiple 
polyadenylation sites within the same gene. The 3' untranslated 
regions of gene family members often diverge significantly, but since 
these sequences are identical in their 3' untranslated region this 
suggests that they have been transcribed from a single gene with more 
than one polyadenylation site. Multiple polyadenylation sites have 
recently been reported for a number of plant genes (Dean et al. 
1986; Mundy and Chua, 1988; Sachs et al., 1986; Yanagisawa et al. 
1988). The eukaryotic polyadenylation signal 5' AAtJAAA 3' (Proudfoot, 
1976) or similar sequences are absent from the 3' untranslated region 
of the MS mRNA supporting the view that an alternative signal is 
operational in some plant mRNAs (Toshi, 1987b). 
3.5 COMPLETION OF THE NUCLEOTIDE SEQUENCE OF THE 5112 bp BscI 
FRAGMENT 
As indicated in section 3.4.1 the nucleotide sequence of the 5' end 
of the cDNA pBSMS1.9 was found to extend 34 bp upstream from the 2.5 
kbp region already sequenced (fig 3.1). Since the cDNA was known to 
be approximately full length, this indicated that the start of 
transcription probably occurs within the unsequenced 1.4 kbp region. 
Sequencing of this region involved the use of two synthetic 
oligonucleotides (17 mers), complementary to positions +5 to +21 and 
-293 to -277 in figure 3.5, to act as primers in sequencing analysis. 
This allowed a further 600 bp of nucleotide sequence to be 
determined. Restriction mapping revealed the presence of RsaI, Sau3A 
M. 
and HpaII restriction enzyme sites within the unsequenced region and 
these were used to generate overlapping restriction fragments which 
allowed the remainder of the nucleotide sequence to be determined. 
The nucleotide sequence of the 600 bp region stretching from the 
EcoRI site at the 3' end of the MS gene (fig 3.3,a) to the downstream 
BscI site was determined by sequencing from both ends of this 
fragment cloned into M13mp18 and M13mp19 as detailed in section 
2.3.6. 
3.6 DETERMINATION OF THE START OF TRANSCRIPTION 
Primer extension analysis using the synthetic oligonucleotide 
complementary to position +5 to +21 on the genomic sequence (fig 
3.5), which was also used in sequence analysis, revealed a major 
product of 60 nucleotides (fig 3.6, arrowed) indicating that 
transcription starts 39 bp upstream from the first AUG codori. The 
nucleotide sequence at this site (5' CCCCG 3') is in agreement with 
that of other transcription initiation sites examined in higher plant 
genes which in the majority of cases are represented by an adenine 
flanked by pyrimidine bases (Ioshi, 1987a). 
3.7. FEATURES OF THE 5' FLANKING REGION 
In the majority of plant genes studied sequence elements involved in 
gene regulation appear to be cis-acting and are usually located 
within several hundred bases upstream from the site of transcription 
initiation (Schell, 1987, Willmitzer, 1988) . Inspection of the 5' 
flanking sequence of the MS gene identified a putative TATA box (5' 
TATTTATA 3') 32 bp upstream from the transcription initiation site 
(fig 3,5), There are no obvious CAAT or AGGA boxes present in the 5' 
flanking region of the MS gene which is not surprising since a number 
of plant genes studied do not contain such sequences (Heidecker and 
Messing, 1986). 
Interestingly, there is a hexanucleotide sequence (5' GCGTCA 3') 
133 bp upstream from the start of transcription (fig 3.5) that shows 
good similarity to the cyclic adenosine rnonophosphate (cAMP) 
responsive element (ORE) (5' ACGTCA 3') found in the promoters of 
most cAMP-regulated genes from animal cells (Montminy et al. 1986). 
RE 
This motif binds the nuclear factor CREB (cAMP responsive element 
binding protein) (Montminy and Bilezikian, 1987). An identical 
sequence motif which binds ATF (adenovirus transcription factor) is 
involved in the cAMP response of the adenovirus early genes (Sassone-
Corsi, 1988), Comparison of potential binding sites for nuclear 
factors CREB or ATF in eighteen cAMP regulated cellular and viral 
promoter sequences (Sassone-Corsi, 1988) shows that only the first 
nucleotide in the six nucleotide motif is variable and the position 
in which the motif occurs ranges from 38 to 180 nucleotides upstream 
from the start of transcription. The sequence 5' GCGTCA 3' does not 
occur at any position in the nucleotide sequence of the MS gene plus 
flanking regions presented in figure 3.5 other than 142 bp upstream 
from the start of transcription while the consensus motif 5' ACGTCA 
3' is absent from the entire sequence. 
In addition to this putative CRE there is a sequence 5' TTTCGCG 3' 
137 bp upstream from the start of transcription in the MS gene (fig 
3.5) which is identical to the binding site of the cellular factor, 
52F. This factor is involved in activation of the promoter of the 
adenovirus early gene E2A (SivaRaman and Thimmappaya 1987). 
Immediately upstream of this binding site on the E2A gene is a CRE 
which binds ATF (Lee et al. 1987). In the MS promoter the sequence 5' 
TTTTCGCG 3' actually overlaps the putative CRE by 3 bases 
(5'TTTTCGCG/TCA 3' - putative CRE underlined, see fig 3.5). 
3.8 MALATE SYNTHASE PROTEIN COMPOSITION AND STRUCTURE 
3.8.1 Homology with E. coil MS protein 
The predicted primary structure of the cucumber MS protein is of 
particular interest since the mechanism by which malate synthase and 
other proteins are targeted to the glyoxysome is poorly understood. 
Comparison of the primary structure of the cucumber MS protein with 
that of E. coil (Byrne et al. , 1988) using the computer program GAP 
of the UWGCG (Devereux et al. , 1984) showed the proteins to have a 
high degree of similarity at the amino acid level with 48% of the 
residues being identical and 64% being similar (fig 3.7). The major 
divergence occurs at the termini with the cucumber polypeptide having 
16 additional amino acids at the N-terminus and 10 at the C-terminus. 
29 
1 MGSLGMYSESGLTKKGSSRGYDVPEGVDIRGRYDEEFAKILNKEALLFIA 50 
1•1 	II 	II 	I 
1 ................MTEQATTTDELAFTRPYGEQEKQILTAEAVEFLT 34 
51 DLQRTFBNHIKYSMECRREAKRRYNEGGLPGFDPATKYIRD SEWTCAPVP 100 
I 	 I 	I 	II I 	III 	I I 
35 ELVTHFTPQRNKLLAARIQQQQDIDNGTLPDFISETASIRDADWKIRGIP 84 
101 PAVADBRVEI TGPVER}4I INALNSGAKVFMADFEDALSPNWENLMRGQI 150 
HI 
85 ADLEDRRVEITGPVEB} VINPLNVKVFMADFEDLLAPDWNKVIDGQI 134 
151 NLKDAVDGTISFHDRVRNRVYKLNDRTAICLFVRPRGWHLPEAHIFIDGEP 200 
111111111 	II 	II 	11111111 	II 
135 NLRDAVNGTI SYTNEA. GKIYQLKPNPAVLICRVRGLHLPEKEWTWRGEA 183 
201 ATGCLVDFGLYFFHNHANFRRSQGQGYGPFFYLPKMEHSREAKIWNSVFE 250 
1111 	111111 	 1 	11 11111 	II 	I II 
184 IPGSLFDFALYFFHNYQAL ...LAKGSGPYFYLPKTQSWQEAAWWSEVFS 230 
251 REKMAGIERGSIRTVLIETLPAVFQMNEILYELRDHSVGLNCGRWDYI 300 
II 	IIIIIIIIIIIIIIIIIII 	1111 	11111111111 
231 YAEDPFNLPRGTIKATLLIETLPAVFQEILHALBDHIVGLNCGRWDYI 280 
301 FSYVKTFQAHPDFLLPDRVLVGMTQHFMRSYSDLLIRTCHRRGVHAMGGM 350 
11111 	111111 	II 	I 	1111111111 	11111 
281 FSYIKTLKNYPDRVLPDRQAVTKPFLNAYSRLLIKTCHKRGAFAMGGM 330 
351 AQIPIDDPKA1EVALELVRKDKLREVKAGHDGTWAAHPGLIPACMEVF 400 
11 	11 I 	III 	I II 	I 11111111111 	III 
331 AAFIPSKDEEHNNQV . LNKVKADKSLEANNGHDGTWIAHPGLADTAMAVF 379 
401 TNGNAPNQIRSRDDALTEEDLLQQPRGVRTMEGLBLNTRVGIQY 450 
	
I 	II 	II 	II 	I 	II 	111111111 	II 
380 NDILGSRKNQLEVMREQDAP. ITADQLLAPCDGERTEEGMRANIRVAVQY 428 
451 LAAWLTGAGSVPLYNLAEDAATAEI SRVQNQWLKYGVELDGDGLGVRVN 500 
II 	IIIIIIIIIIIIIIII 	II 	I 	I 	I 
429 IEAWISGNGCVPIYGLMEDAATAEISRTSIWQWIHHQKTLSN ... GKPVT 475 
501 KELFGRVEEEMERIEREVGKEPFKKGMYKEACKMFTRQCTAPNLDDFLT 550 
III 	II 	I 	I III 	I I 	I 	11111 
476 KALFRQMLGEEIKVIASELAEEBFSQGBFDDAAPL€QITTSDELIDFLT 525 
551 LDAYNYIVIHHPRELSa 568 
526 LPGYGLLA..........534 
Figure 3.7 
Comparison of the predicted amino acid sequence of malate synthase 
from cucumber (upper line) with that from E. coli (lower line), Five 
Saps, indicated by dots, have been inserted in the E. coil sequence 
to give maximum alignment. The 256 pairs of amino acids that are a 
perfect match are marked by vertical lines. The overall similarity 
between the two sequences is 48% excluding the gaps and N- and C-
terminal extensions. 
Since the eukaryotic enzyme is targeted to the glyoxysomes this. 
suggests that the targeting information may be contained within one 
or both of these additional sequences. A similar comparison by 
Matsuoka and McFadden (1988) of castor bean ICL, which Is also 
targeted to the glyoxysomes, and ICL from E.coil, showed that as well 
as having 14 additional amino acids at the N-terminus and 30 at the 
C-terminus, the plant polypeptide also has a large internal insert of 
103 amino acids. These workers suggest that this internal insert may 
contain peroxisomal targeting information since it contains a 
tripeptide Ala-Thr-Leu also found in a limited conserved region of 
soybean uricase II and the dipeptide Thr-Leu present in the same 
conserved region in spinach glycolate oxidase and cucumber malate 
synthase, all of which are plant microbody proteins (Volokita and 
Somerville, 1987), However since this limited conserved region which 
stretches from position 532 to 559 in cucumber malate synthase ( fig 
3.7) is also present in the E. coil protein, this casts doubt on a 
possible role for this region in microbody protein targeting. 
3.8.2 Universal peroxisomal targeting signal 
Gene fusion experiments, using four different peroxisomal proteins 
(human catalase, rat hydratase:dehydrogenase, pig D-amino acid 
oxidase and rat acyl Co-A oxidase) have identified a peroxisomal 
targeting signal (PTS) found at or near the carboxy terminus of each 
protein (Gould et al., 1988). A tripeptide Ser-Lys/His-Leu is present 
in each of these targeting signals and also in the PTS identified in 
firefly luciferase (Gould et al., 1987). Recently it has been shown 
that the five amino acids at the extreme C terminus of rat acyl Co-A 
oxidase can restore the import activities of truncated or mutated 
polypeptides ( Miyazawa et.al ., 1989). Several other peroxisomal 
proteins, including the soybean uricase (Nguyen et al., 1985), have 
also been found to have this tripeptide sequence at or near their 
carboxy terminus (Gould et al., 1988). The tripeptide sequence Ser-
Lys-Leu is also present at the carboxy terminus of the cucumber 
malate synthase protein (fig 3.7) which suggests that the signalling 
information necessary to target MS to the glyoxysomes is present at 
the carboxy terminus of the protein. A conservative variant of this 
tripeptide sequence, of the form Ala-Arg--Met, is present at the 
71 
carboxy terminus of castor bean ICL. Assuming that these short 
sequences do represent a form of PTS then this suggests that the 
signalling information necessary to direct proteins to peroxisomes 
and glyoxysomes is similar. Support for this view comes from recent 
work (Mori and Nishimura 1989) which shows that pumpkin MS 
synthesised in an in vitro transcription-translation system is 
translocated to peroxisomes isolated from green pumpkin cotyledons. 
3.9 DISCUSSION 
3.9.1 Malate synthase gene structure 
The nucleotide sequence of the MS gene and cDNA, as presented here, 
represents the first description of the structure of a eukaryotic MS 
gene, the only other MS sequence published being that of E. coil 
(Byrne et al, 1988). The gene contains typical features of eukaryotic 
genes including a putative TATA box, 5' and 3' non-translated regions 
and three introns. Nucleotide sequences associated with the start of 
transcription, start of translation, and the 5' and 3' splice 
Junctions of all three introns agree with their respective published 
consensus sequences. Multiple polyadenylation sites are present on 
the MS gene, a feature common to a number plant genes. Putative cis-
acting regulatory elements have been identified, and these are 
discussed in detail below. 
3.9.2 Possible role of cAMP in malate synthase gene regulation 
The presence of a puative CRE motif (5' GCGTCA 3') in the promoter 
region of the MS gene raises the possibility that cAMP may play a 
role in the regulation of MS gene expression. In order to consider 
the possibility that cAMP does play a role in mediating 
transcriptional regulation of the MS gene in higher plants, the 
function of cAMP in other organisms must first be understood. 
In mammalian cells, cAMP plays the role of 'secondary messenger' by 
translating an extracellular signal into an intracellular response. 
Interaction of extracellular hormones with receptors at the plasma 
membrane activate adenylate-cyclase, resulting in an Increase in 
intracellular levels of cAMP. The cAMP then interacts with one or 
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more effector elements resulting In a physiological response to the 
hormonal signal. The regulation of genes by cAMP In mammalian cells 
is brought about by the action of cAMP dependent protein kinases, 
such as protein kinase A, on trans-acting factors, such as CREB, 
which in turn regulate transcription of a number of genes (see 
section 1.3.3.4.1 and section 3.7>. In bacteria, cAMP acts as a 
primary messenger by inducing and repressing specific genes 
in response to the nutritional status of the cell. Here the cyclic 
nucleotide binds to a receptor protein (catabolite receptor protein 
(CRP) and the resulting complex can then interact with specific DNA 
promoter sequences that influence transcription of associated genes 
(RIcicenbberg, 1974). Although there is good evidence that cAMP is 
present in higher plant cells (see below), no known function for the 
cyclic nucleotide has been established. 
Mass spectrometric analysis has provided convincing evidence that 
cAMP does occur in higher plants (for a review of this and other 
evidence, see, Newton and Brown, 1986). In addition, substantial 
evidence has also been amassed for the presence in plants of 
adenylate cyclase and phosphodiesterase which catalyse the formation 
and breakdown of cAMP respectively, and cAMP binding proteins (Newton 
and Brown, 1986). A lot of work has been carried out on the 
physiological role of cAMP in plants (Newton and Brown, 1986). Most 
of these investigations have been based on the concept that cAMP 
plays a role as secondary messenger in plants, mediating signals from 
phytohormones. However, although in a number of cases phytohormones 
appear to affect the synthesis of cAMP, and the physiological effects 
of exogenously supplied cAMP often parallel effects induced by 
phytohormones, there is no case in which a convincing molecular 
mechanism has been demonstrated. For example, the inducing action of 
gibberellic acid on a number of enzymes that are active during seed 
germination, including isocitrate lyase from castor bean and hazel 
seeds (Marriott and Northcote, 1977; Potempa and Galsky, 1973), can 
be simulated by exogenously applied cAMP but it is not clear if cAMP 
is mediating the effect of the phytohormone. 
Instead of acting as a secondary messenger it is possible that cAMP 
could have a primary messenger role in plants similar to that in 
microbial systems. This view has been supported by studies which show 
that cAMP derepresses the effect of glucose on the synthesis of 
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glutamate dehydrogenase and acid phosphatase in single cell cultures 
of Asparagus officinils in a manner similar to the "catabolite 
repression" mechanism operating in several prokaryotes and lower 
eukaryotes (Tassi et al., 1984). It is conceivable that a similar 
mechanism could play a role in controlling the expression of the 
enzymes of the glyoxylate cycle in higher plants especially since 
such a mechanism appears to operate for the glyoxylate cycle enzymes 
in E. coil (Laporte et al. , 1985; Maloy and Nunn, 1982,) fungi 
(Armitt et al. , 1976; King and Casselton 1977 > and Chioreila fusca 
(McCullough and John, 1972). This concept of nutritional status 
effecting MS gene expression will be discussed further in chapter 6 
in relation to MS gene expression at different stages of plant 
development. 
3.9.3 Occurrence of GRE-like motifs in other plant promoters 
The 35S promoter of the cauliflower mosaic virus (CAMV) contains a 
tandem repeat of the sequence 5' TGACGT/C 3' in the region -83 to -63 
upstream from the start of transcription. This repeat represents the 
CRE motif (5' ACGTCA 3' or 5' GCGTCA 3') in the reverse orientation. 
A 21 bp sequence, termed as-I, spanning the region containing the 
repeat, 	is sufficient to confer expression in root tissue when 
placed between the TATA box and upstream region of the small subunit 
of the ribulose bisphosphate carboxylase gene from pea (Lam et al. 
1989). Furthermore, tobacco nuclear extract has been shown to contain 
a factor, ASF-1, that binds to the as-1 sequence in vitro, the 
binding capacity being lost when the TGACG motif is mutated (Lam et 
al., 1989). Tobacco cDNA clones encoding two TGACG-sequence specific 
binding proteins, TGAla and TGA1b, have recently been isolated 
(Katigiri et al., 1989). On the basis of binding specificity TGA1a is 
a good candidate for ASF-1. As mentioned in section 1.3.3,4,1, of the 
introduction, these factors have homology with the nuclear factors 
CREB, GCN4, and cJUN (Hoeffler et al., 1988; Landschultz et al. 
1988) due to them all containing a leucine zipper motif pceded by 
a basic region. Such motifs have been implicated in the formation of 
dimers and the basic region is thought to bind specific DNA sequences 
(Landschultz et al., 1988). 
The hexameric nucleotide motif ACGTCA is also located upstream from 
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the TATA box of several histone genes (Wu et al., 1988). A wheat 
nuclear protein, HBP-1 (histone DNA binding protein-1) which 
specifically binds to this hexameric motif has been identified as a 
putative trans-acting factor (Mikami et al., 1989), A cDNA clone 
encoding HBP-1 has been isolated and the deduced amino acid sequence 
indicates that it contains the leucine zipper motif and basic region 
characteristic of those nuclear factors discussed above. 
The discovery of transcription factors in plants that are 
structurally similar to, and bind to essentially the same DNA 
sequence as, a family of transcription factors from mammalian and 
yeast cells implies a high degree of conservation in the role of 
these proteins during evolution. However, the genes under the control 
of these transcription factors perform different functions in their 
respective organisms. This probably reflects the fact that for 
transcription factors that bind to multiple promoters, altering the 
sequence recognition properties of the regulatory protein at any 
point in evolution would affect the transcription of many genes. The 
function in different organisms could however diverge due to the 
specificity of individual genes for transcription factors changing. 
Changes in the upstream region of individual genes may be the most 
common and flexible way for regulatory systems to evolve and could 
result in the involvement of multiple regulatory factors in the 
control of single genes. 	In relation to the putative GRE motif 
upstream from the TATA box of the MS gene, the assumption is that at 
least one of the transcription factors that recognise this motif (as 
their now appears to be a family of such factors in plants as in 
animals) Is regulated in its transcriptional activation potential by 
cAMP, Even If this Is not the case, it is still possible that the 
GRE-like motif acts as a cis-element to bind some other trans-acting 
factor with homology to the leucine zipper class of trans-acting 
factors and which is regulated by some other cellular signal. 
3.9.4. Other possible cis-acting  elements and trans-acting factors 
The TTCGCG motif which binds the transcription factor E2F in the 
E2A early gene of adenovirus and which is present In the upstream 
region of MS also occurs in a 9 bp cis-acting upstream region of the 
pallida (pal) alleles from AntirrhInium (unpublished), The pal allele 
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encodes dihydroflavanol-4-reductase which is an enzyme involved in 
pigment biosynthesis and is expressed during flower development (Coen 
et al., 1988). 
Since the TTCGCG motif in MS actually overlaps the putative CR5 
element, 	then this suggests that if both these sequences act as 
binding sites there must be some form of interaction between the 
binding proteins. This interaction could take the form of mutual 
exclusion of one or other of the proteins, or formation of a 
heterodimer leading to binding of both cis-elements. Formation of 
such a complex may occur by the interaction of leucinie zipper motifs 
mentioned above. 
The complexities of protein-protein interactions as regards trans-
acting factors have been addressed by Comb et al. (1988) in a study 
of the human proenkephalin promoter. This promoter is induced by both 
cAMP and phorbol esters such as TPA (12-0-tetra decanoyl-phorbol-13-
acetate) and its control region contains overlapping binding sites 
for at least four different cellular factors. One of these binding 
sites also appears to be capable of interaction with CREB. This 
binding site is identical to the putative CRE present in the MS 
promoter. Mutational analysis of the proenkephalin promoter suggests 
that no single protein binding site is sufficient for conferring a 
response to cAMP and TPA and at least two factors are required. It is 
possible that a similar level of complexity exists within the MS 




LOCALISATION OF CIS-ACTING REGULATORY 
ELEMENTS ON THE MALATE SYNTHASE GENE 
4.1 RATIONALE 
The development of efficient gene transfer protocols in higher 
plants, especially those involving A. turnefaciens, along with the 
ability to regenerate whole plants from single cells has provided the 
opportunity to study mechanisms associated with regulation of gene 
expression during plant development (Kuhlerneier et al., 1987; Schell, 
1987; Willmitzer, 1988). Numerous recent studies based on this 
strategy indicate that specific sequences, usually located in the 5' 
flanking region of genes, are responsible for temporal and spatial 
regulation during development and in the response of various genes to 
environmental conditions such as light and temperature. 
Changes in the steady state level of MS mRNA which reflect changes 
in protein levels during germination (Smith and Leaver, 1986), 
suggest that MS gene expression is regulated at the level of 
transcription. Studies carried out on isolated nuclei from Bi-assica 
napus L. indicate that the MS and ICL genes are controlled primarily 
but not exclusively at the transcriptional level (Harada et al., 
1989). 
In order to identify regulatory elements involved in the 
transcriptional control of the MS gene, an approach based on the use 
of transgenic plants, as outlined above, was adopted. 
4.2 HETEROLOGOUS PLANTS FOR GENE TRANSFER STUDIES 
Petunia (Mitchell) and N. plurabaginifolia were selected for gene 
transfer studies as: (a) gene transfer protocols involving A 
tumefaci ens were available for both these plants, (b) it is possible 
to distinguish between transcripts encoded by the transferred MS gene 
and the endogeneous mRNA (see below), and (c) seeds from both these 
plants contain a significant amount of lipid, and MS is expressed 
during germination in a manner similar to that in cucumber (sections 
4.5 and 4.7), 
It would be preferable to study expression of the transferred MS 
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gene in the homologous host (i.e. cucumber). However, routine gene 
transfer and regeneration protocols for cucumber are not as yet 
available. A report on the transformation of cucumber plants with 
root-inducing Agrobacteri urn rhizogenes and the regeneration of plants 
from the resultant roots (Trulson et al., 1986) indicates that 
routine transformation of cucumber may be possible in the future. 
4.3 CONSTRUCTION OF A PLANT TRANSFORMATION VECTOR CONTAINING THE 
MALATE SYNTHASE GENE 
The 5119 bp BscI fragment, containing the MS gene plus 5' and 3' 
flanking regions (described in detail in chapter 3), was initially 
used for gene transfer studies in order to determine if it contains 
the necessary information to direct faithful gene expression. The 
first step in this procedure involved the subcloning of the BscI 
fragment into the binary ASrobacter-iurn vector pBin19 (Bevan, 1984, 
see section 2.5.1. for details of cloning). The fragment was inserted 
in both orientations (fig 4.1.b and c) in order to establish if the 
gene is transcribed independently of the nopaline synthase (Nos) 
promoter, which is part of the chimaeric neomycin phosphotransf erase 
(NPTII) gene also present on the transferred DNA. The resulting 
constructs, pBMS100 and pEMS110, were transferred to A. turnefaciens 
(section 2.5,1) and Southern hybridisation to total nucleic acids 
isolated from strains harboring each construct was carried out in 
order to verify that no rearrangements had occurred during the 
conjugation event (not shown). 
4.4 TRANSFER OF THE MALATE SYNTHASE GENE INTO PETUNIA 
Transformation of Petunia leaf discs was carried out by S.M. Smith 
during an EMBO laboratory course at the University of Amsterdam. Six 
independent transforments were regenerated as described in section 
2.5.2.4 and tested for the presence of the transferred MS gene by 
Southern hybridisation to leaf DNA. 
DNA from pBMS100 trarisformants (plants 1,6 and 7), digested with 
the restriction enzyme SacI and hybridised with a HindIII-BscI 
fragment from the 3' end of the MS gene (fig 4.1.a), results in 
hybridisation with a 2 kbp SarI fragment from within the T-DNA (fig 
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Figure 4. 1 
Diagrammatic representation of plant transformation vectors derived 
from either pBIN19 (Bevan, 1984) or pBI101.1. (Jefferson et al., 
1987). The 1-DNA of pBIN19, contained within the right and left 
borders (RB and LB respectively) 	is shown. The stippled region 
represents the a-complimentary region of the lac operon, and the 
solid black box the multiple cloning site in pBIN19. pBI101.1 differs 
from pBIN19 in that it has the GUS coding region and Nos termination 
sequence inserted in the multiple cloning site. 
Restriction endonuclease map showing the position of Sad (S) 
sites in the BscI fragment (described in detail in chapter 4) when 
inserted into the SinaI site of the pBIN19 polylinker. The SacI sites 
are relevant to the Southern hybridisation analysis of transgenic 
plants (sections 4.4 and 4.6), and the probes used in this analysis, 
referred to as 'Term' and 'Prom', are denoted by solid lines and 
represent the 3' and 5' regions of the MS gene respectively. 
Construct pBMS110 - the BscI fragment is inserted into the 
polylinker of pBIN19 such that the MS gene is in the opposite 
orientation to that of the chimaeric NOS-NPTII-NOS gene also present 
on the T-DNA. 
(C) Construct pBMS100 - the BscI fragment is Inserted into the 
polylinker of pBIN19 such that the MS gene is in the same orientation 
as that of the chimeeric NOS-NPTII-NOS gene also present on the T- 
DNA. 
Construct pBIPREV - a 101gbp Sau3A fragment extending from 
position —103L1- to +44 (relative to the start of transcription) is 
inserted into the Barthil site of pBI101.1 such that the MS promoter is 
in the reverse orientation to that of the GUS coding region. 
pBIPCOR - the same I07 bp Sau3A promoter fragment is used as in 
pBIPREV, but in this case it is inserted Into the BaithI site of 
pBI101.1 such that the MS promoter is in the same orientation as that 
of the GUS coding region. The nucleotide sequence shown below pBIPCOR 
represents the 5' non-translated MS sequence (lower case) and the 
first 30 bp of the MS-GUS mRNA coding region. In this sequence, the 
first nucleotide and the first ATG in a 5' to 3' direction represent 
the start of transcription and start of translation in the intact MS 
gene (chapter 4) and thus they are expected to perform a similar 
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Figure 4.1 
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5' accgattacatttcacttgaggaacaacacagaaccaag ATG GGA_TCC CCG GGT GGT CAG TCC CTT ATG ... 3 
function in MS-GUS chimaeric transgenes. The underlined Sazi3A site 
indicates the junction between the MS and GUS sequence. 
NOS-Pro and NOS-Ter = nopaline synthase gene promoter and termination 
sequences respectively; NPTII-Coding = neomycin phosphotransferase-II 
coding sequence from Tn5; MS-Pro, MS-Coding and MS-Ter = the malate 
synthase promoter, coding and termination regions respectively; GUS-




(a) and (b) Southern blot analysis of SacI digested genomic DNA from 
Petunia transformants. Plants 1, 6 and 7 were transformed using 
pBMSIOO (fig 4.1.c) and plants 2 and 4 were transformed using pBIvlSllO 
(fig 4.1.b). 10 g of total DNA was used per sample. 
In (a) the HindII-BscI termination ('Term') fragment (fig 4.1.a) was 
used as a probe. The banding pattern obtained with this hybridisation 
agrees with that predicted from the position of SacI sites within the 
1-DNA (see section 4,4). 
In (b), after washing to remove radiolabelled DNA (section 2.3.4.1), 
the Genescreen Plus membrane supporting the genomic DNA was re- 
hybridised with the Sau3A promoter fragment shown in figure 4.1.a. 
This hybridisation also gave the predicted banding pattern (section 
4,4). For transformants 2 and 4, residual bands from the 
hybridisation carried out in (a) remain after washing and these are 
detected In (b), 
Markers are X DNA (kbp) digested with HindIII. 
(c) 	Northern blot analysis of total RNA isolated from whole 
seedlings during the third day of germination. Seedlings are the 
selfed progeny of the five transgenlc Petunia plants analysed by 
Southern blot analysis in (a) and (b) above. 10 g of total RNA was 
used per sample and the membrane was hybridised with the MS cDNA 
clone pBSMS1.9. C = 10 4g total RNA Isolated from 3 day old cucumber 
cotyledons. Markers are ribosomal RNAs from cucumber. 
Note that the amount. of MS transgene mRNA appears to be independent 
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4.2.a), Similar hybridisations with genomic DNA from pBMS1I0 
transformants (plants 2 and 4) give a more complex pattern (fig 
4,2,a) since in this case the SacI fragments which hybridise are not 
internal on the T-DNA but extend into the genomic DNA. For pBMS1I0 
transformants the hybridisation pattern will therefore depend on the 
copy number and number of independent insertions of 1-DNA in the 
genome. The copy number of the transferred DNA varies from one, in 
transformants 6 and 7, to about 40 in transformant 2 (fig 4.2.a). 
When the filter used in the above experiment was washed to remove 
the radiolabelled DNA (see section 2.3,4.1) and re-hybridised with 
the Sau3A promoter fragment shown in figure 4.1.a, a hybridisation 
pattern, opposite to that discussed above, was obtained for the two 
groups of transformants (fig 4.2.b). This is due to the Sau3A 
promoter fragment hybridising to the opposite end of the BscI insert, 
and so, with -17acI digested DNA, it will hybridise with a 2.45 kbp 
SacI fragment internal on the T-DNA of pBMS11O transformants, and 
with SadI fragments which extend into the surrounding genomic DNA in 
pBMS100 transformants. 
Plants were grown to maturity and seed was collected. The 
expression of the transferred MS genes was then investigated by 
Northern hybridisation to total RNA isolated from whole seedlings 
during the third day of germination (shown to correspond to the 
period of maximum expression; see below). MS mRNA of the correct size 
was detected in each transformant (fig 4.2,c), but the amount 
appeared independent of gene copy number, and of MS gene orientation 
relative to the NPTII gene (the cucumber MS gene does not hybridise 
to DNA or RNA from untransformed plants under the conditions used 
(sections 2.3.4.1 and 2.3.4.2). 
Expression of the MS transgenes in germinating seeds showed that 
they are transmitted through meiosis. The inheritance of the 
transferred DNA was further investigated in some plants by 
determining the frequency of kanamycin resistant seeds obtained from 
self-fertilised transformants. The inheritance patterns approximated 
to a simple Mendelian ratio of 3:1 which is consistent with there 
being a single locus of DNA insertion, The majority of transgenic 
plants produced by co-cultivation with Agrobacteri urn have been shown 
to transmit the transgene in a Mendelian fashion (Budar et al., 1986; 
Horsch et al., 1984; Horsch et al., 1985). A more complete study of 
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the expression and inheritance of kanamycin resistance in all of the 
transformants produced in the present study was not carried out since 
it was not regarded as being of major significance to the aims of 
this project. In any case such studies often, give inconclusive 
results as the frequency of kanamycin resistant offspring can be 
influenced by the level of expression of the resistance phenotype and 
the stringency of selection (Deroles and Gardner 1988). Preliminary 
results in the present study suggested this to be the case, as 
significantly different numbers of resistant seedlings were obtained 
in several of the transformants when germination was carried out on 
100 g/ml kanamycin as opposed to 400 tg/ml. 
4.5 SPECIFICITY OF EXPRESSION OF THE MALATE SYNTHASE TRANSGENE 
To further establish that the transgene is faithfully expressed from 
its own promoter, the 5' end of the mRNA was determined by extension 
of an oligonucleotide primer annealed to RNA from germinating seed of 
transformant 5, which contains one copy per genome of the MS 
transgene (not shown), and from cotyledons of germinating cucumber. 
The result (fig 4.3) shows that the mRNA in cucumber and in 
transformed Petunia has the same 5' end. A Nicotiana plumbaginifolia 
plant transformed with the same gene (see below) also contains mRNA 
with the same 5' end, 
Organ specificity of expression was investigated by isolating RNA 
from cotyledons of germinating cucumber seedlings or from whole 
seedlings of germinating transgenic Petunia (the cotyledons are too 
small to dissect from this plant), and also from expanded leaves, 
roots, stems and petals of flowering plants of both types. Northern 
hybridisation showed that the cucumber MS mRNA is most abundant in 
cotyledons or germinating seedling in each case, is detectable in 
petals, but not found in the other organs in either plant (fig 4.4). 
This result indicates that the 
11 
MS transgene contains sufficient 
information to direct organ-specific expression. It should be noted 
however, that MS mRNA level in the foreign host is only about 10% of 
that in cucumber. Similar results for organ specificity and mRNA 
level have been obtained for the MS gene transferred into Nicotiana 
plumbaginifolia (see below>. 
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Figure 4.3 
Primer extension analysis to identify the start of transcription of 
the cucumber MS transgene in Petunia and N. plumbaginlfolia, A 17mer 
oligonucleotide, complementary to position +5 to +21 of the genomic 
sequence shown in figure 3.5, was used as a primer in both sequence 
analysis and primer extension studies. The sequence of the strand 
complementary to that presented in figure 3.5 from position -30 to - 
70 is shown next to the products of the primer extension reactions. 
AGCT = the products of the sequencing reactions, that is, adenine, 
guanine, cytosine and thymine respectively. C, N and P = the primer 
extension products of MS mRNA from cucumber, N. plwnbaginIfolia 
transformant N and Petunia trarisformant 5 respectively. 
Cucumber 	 Petunia 




Northern blot analysis of the organ specificity of cucumber MS gene 
expression in cucumber and Petunia transformant 5 which carries a 
single copy of the cucumber MS gene. 10 g of total RNA from each 
organ was analysed. C = 3 day old cucumber cotyledons, L = leaves, R 
= roots, S = stems, F = petals and W = 3 day old Petunia transforrnant 
5 seedlings. Markers are ribosomal RNAs from cucumber. 
Note that due to the low levels of expression of the MS transgene in 
Petunia petals, a signal is only detected in this sample after longer 
exposure of the autoradiograph (not shown). 
4.6 TEMPORAL EXPRESSION OF THE MALATE SYNTHASE TRANSGENE IN 
PETUNIA 
Temporal expression of the MS gene during germination was 
investigated by isolating total RNA at intervals during the 
germination of seed from Petunia transforrnant 5 in both the light and 
the dark. Northern hybridisation with the MS probe showed that the 
mRNA increases in amount rapidly from a very low level at day 0 to a 
peak at day 3, then declines, more rapidly in the light than in the 
dark (fig 4.5..a). This pattern of mRNA accumulation and decline is 
similar to that in cucumber (Smith and Leaver, 1986), To determine if 
Petunia malate synthase accumulates and declines in a manner similar 
to that of cucumber, the enzyme was quantitatively assayed in 
extracts from untransformed Petunia seeds germinated in the light and 
in the dark (fig 4-.5.b). The results showed that the changes in 
amount of enzyme are similar to those of cucumber. 
4.7 EXPRESSION OF THE MALATE SYNTHASE TRANSGENE IN 
N. PL UMBAGINIFOLIA 
The MS gene was transferred into Nicotiana plumbaginifolia using the 
same vector constructs as for Petunia. Seed was obtained from ten 
transformants and they all exhibited Mendelian Inheritance for 
kanamycin resistance when germinated on 400 g/ml kanamycin. Southern 
hybridisation to leaf.  DNA from these plants, using the same approach 
as described in section 4.4 for Petunia, revealed that four of these 
plants had originated from the same transformation event and six from 
another. The accidental regeneration of identical transformants was 
presumably due to numerous shootlets being selected from a single 
leaf disc, all of the shootlets having originated from a single 
transformed cell. This resulted in only two independent N. 
plurnhaginifolia transformants being obtained. As with Petunia, 
different transgene copy numbers were present (1 and 2 copies in 
transformant N and E respectively; fig 4.6.a). Although only two 
independent transformants are available for comparison of expression 
levels, it would appear that these are independent of gene copy 
number, and about 10% that found in cucumber (fig 4.6.b). Primer 
extension analysis of RNA isolated from seeds from plant N after 
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Figure 4.5 
(a) Northern blot analysis to investigate the temporal expression of 
the cucumber MS transgene during germination of Petunia transformant 
5 seedlings in the light and in the dark, Total RNA was isolated from 
seed batches germinated for different times (0, 1, 3, 5, and 7 days), 
the initial dry weight of all seed batches being 100 ings (section 
2.5.4). Half of the total yield of RNA (2 - 20 4g depending on the 
stage of germination) was used for each analysis, thus the level of 
MS transcripts detected on different days result from the same 
original dry weight and thus the same number of seed. C = 10 jig of 
total RNA isolated from 3 day old cucumber cotyledons. Markers are 
ribosomal RNAs from cucumber. 
(b) Quantitative assay of MS activity and chlorophyll content in 
untransformed Petunia seeds germinated in the light and in the dark. 
Open and closed squares represent MS activity in the light and dark 
respectively, open and closed diamonds represent chlorophyll content 
in the light and dark respectively. 1 unit of MS activity has been 
defined as that amount of the enzyme required to convert 1 nanomole 














Light 	 Dark 
CO 1 3 5 7 1 3 57 
2S 
- H logo 18S 
ds 	0 	1 	2 	3 	4 	5 	6 	7 
Days of Germination 
89 
Figure 4.6 
(a) 	Southern blot analysis of SacI digested genomic DNA from N. 
plumbaginifolia transformants E, H and N. All plants were transformed 
using pBMS110 (fig 4.1.b). 10 g of total DNA was used per sample. 
In (1) the HindIII-BscI termination ('Term') fragment (fig 4.1.a) was 
used as 'a probe. The banding pattern obtained with this hybridisation 
agrees with that predicted from the position of SacI sites within the 
1-DNA (see section 4.7). 
In (2), after washing to remove radiolabelled DNA (section 2.3.4.1), 
the Genescreen Plus membrane supporting the genomic DNA was re-
hybridised with the Sau3A promoter ('Prom) fragment shown in figure 
4.1.a. This hybridisation also gave the predicted banding pattern 
(section 4.4). WI = 10 yLg total DNA isolated from untransformed N. 
plumbaginifolia leaves. Markers are X DNA (kbp) digested with 
Ff1 nd III. 
Note that transformants H and N give exactly the same banding pattern 
which indicates that they have been derived from the same 
transformation event. 
(b) 	Northern blot analysis of total RNA isolated from whole N. 
pluinbaginifolia seedlings during the third day of germination. 
Seedlings are the selfed progeny of N. plurnbaginifolia transformants 
E and N, and untransformed 'wild type' (WT) plants. 10 g of total 
RNA was used per sample and the MS cDNA clone pBSMSI.9 was used as a 
probe. C = 1 g of total RNA isolated from 3 day old cucumber 
cotyledons. 
Note that the amount of MS transgene rnRNA appears to be independent 
of gene copy number (the signal obtained with total RNA from 
transformant E, carrying 2 copies of the MS transgene, is 
significantly less than that obtained from transformant N which 
carries a single copy). 
Figure 4.6 
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three days of germination showed that the 5' end of the mRNA was the 
same as in cucumber (fig 4.3). Also, the specificity of transgene 
expression in different organs was found to be similar to that in 
cucumber or transformed Petunia (not shown). 
4.8 TEMPORAL EXPRESSION OF THE MALATE SYNTHASE TRANSGENE IN 
N. FL UMBAGINIFOLIA 
Temporal expression of the MS transgene was investigated in N. 
plurabaginifolia plants using Northern analysis in just the same way 
as for Petunia, The results show (fig 4,7.a) that cucumber MS mRNA 
levels change in N. plumbaginifolia in the same manner as in cucumber 
or Petunia. Expression of the indigenous MS enzyme in N. 
plurnhaginifolia seedlings (see figure 4.8 for stages of development 
on consecutive days of germination) was assayed and found to follow a 
similar pattern to that of Petunia and cucumber (fig 4.7,b). These 
results confirm that the 5119 bp fragment of cucumber DNA contains 
sufficient information to direct faithful expression of the MS gene 
in both Petunia and N. plumbaginifolia, and that these plants can 
therefore be used as hosts to further investigate sequences which 
control the expression of this gene. 
4.9 EXPRESSION OF A MALATE SYNTHASE-GLUCURONIDASE FUSION GENE IN 
N. FL UMBAGINIFOLIA 
4.9.1 Construction of chimaeric genes and transfer to 
N. pluinbaginifolia 
The possibility that sequences controlling expression of the MS gene 
may be found at the 5' end of the gene was investigated by fusing a 
01bp Sau3A fragment extending from position -0[4. to +44 (relative 
to the start of transcription), to the -glucuronidase (GUS) reporter 
gene (Jefferson et al., 1987), This 'promoter' fragment was fused in 
both orientations (reversed and correct) in the binary transformation 
vector p81101.1, giving constructs pBIFREV and pBIPCOR (fig 4.1.d and 
e). When in the correct orientation a BEtni-II site is reconstituted at 
the junction of the GUS gene and the promoter fragment (fig 4.1.e) 
thus allowing the nucleic acid sequence at the Junction to be 
92 
Figure 4.7 
Northern blot analysis to investigate the temporal expression of 
the cucumber MS transgene during germination of N. plumbaginifolia 
transformant £ seedlings in the light and in the dark. Total RNA was 
isolated from seed batches germinated for different times (0, 1, 3, 
5, and 7 days), the initial dry weight of all seed batches being 100 
mgs (section 2.5.4). Half -of the total yield of RNA (2 - 20 jig 
depending on the stage of germination) was used for each analysis, 
thus the level of MS transcripts detected on different days result 
from the same original dry weight and thus the same number of seed. C 
= 10 p.g of total RNA isolated from 3 day old cucumber cotyledons. 
Markers are ribosomal RNAs from cucumber. 
Quantitative assay of MS activity and chlorophyll content in 
untransformed N. plumbaginifolia seeds germinated in the light and 
in the dark. Open and closed squares represent MS activity in the 
light and dark respectively, open and closed diamonds represent 
chlorophyll content in the light and dark respectively. 1 unit of MS 
activity has been defined as that amount of the enzyme required to 
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confirmed. Both constructs were transferred to A. tuzvefaciens, total 
DNA was isolated, and Southern hybridisation was carried out to 
confirm their presence and structure (not shown). 
Both chimaeric genes were introduced into N. plumbaginifolia, and 
seed collected from two transformants for each construct. Southern 
hybridisation revealed the MS-GUS fusion gene to be present as a 
single copy in PCOR3, and as 2 copies in PC0R1, PREVE and PREVC (fig 
4.9), 
4.9.2. Temporal expression of the MS-GUS transgene in 
N. plumbaginifolia 
GUS activity was assayed in extracts obtained from seeds germinated 
for up to seven days in the light or in the dark, the most advanced 
stage of seedling development in a seed batch being selected for 
analysis on each day (fig 4.8 and see section 2.5.5). No significant 
activity was detected in seed from untransformed plants, nor in seed 
from plants containing the pBIPREV construct (fig 4.10). However, 
seed from plants transformed with the MS-GUS fusion made in the 
correct orientation (pBIPCOR> did contain GUS activity. This activity 
increased and then declined during the course of germination and 
seedling development, as does MS activity (fig 4.7.b). 	It was found 
that the level of GUS activity in transformant PCOR1 was about four 
times higher than in transformarit PCOR3. PCOR1 contains two copies 
and PCOR3 one copy per genorne of the chimaeric gene. No GUS activity 
could be detected in extracts from mature leaves of any plants 
(attempts to assay GUS activity in petals of transformed plants were 
unsuccessful because of a high endogenous level of GUS activity). 
These results indicate that the 960 bp promoter fragment is therefore 
sufficient to direct faithful MS gene expression. 
4.9.3 Histochemical localisation of GUS activity in germinating 
seedlings 
The tissue and cell specificity of MS promoter activity was 
investigated in plants containing the MS-GUS fusion by employing the 
GUS histochemjcal stain (Jefferson et al., 1987). Seedlings, grown in 
the light or dark, were selected on consecutive days after the onset 
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Southern blot analysis of EcoRI digested DNA from N. p1urI2bginifo1ia 
MS-GUS transformants. The Sau3A promoter fragment ('prom' fragment 
shown in fig 4.1,a) was used as a probe. The construct pBIPCOR (fig 
4,1.e) was used in the transformation of PCOR1 and PCOR3, and the 
construct PBIFREV (fig 4.1.d) In the transformation of PREVB and 
PREVC. Markers are X DNA (kbp) digested with HindIII. 
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Figure 4. 10 
Fluorogenic analysis of GUS activity during germination of 
transformed and untransformed 	N. plumbaginifolia seedlings (for 
details see section 2,5.8), 
GUS activity of transformant PCOR1 seedlings germinated either 
in the light (open squares) or in the dark (closed squares). 
GUS activity of: transformant PCOR3 seedlings germinated either 
In the light (open squares) or in the dark (closed squares); 
transformant PREVS seedlings germinated in the dark (open diamonds); 
and untransformed 	N. plumbaginifolia seedlings germinated in the 
dark (closed diamonds). 
Units of GUS activity are pmoles methylumbelliferorie (MU) produced 
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Figure 4. 11 
Histochemical localisation of GUS activity in N. plumbaginifolia 
transformant PCOR1 seedlings. 
1 to 2 day old embryo and endosperm germinated in the light. The 
embryo was removed from the seed coat and endosperm before staining 
(see section 2.5.9). The seed coat was removed from the endosperm 
after staining. 
Note the specific staining of the cotyledons and cells close to the 
radicle pole of the endosperm. 
3 day old seedling germinated in the light showing intense 
staining of the cotyledons. 
(C) 2 day old seedling germinated in the light. 
Note that in addition to the intense staining of the cotyledons, 
staining also extends into the hypocotyl. 
(d) 4 day old seedling germinated in the dark. 
Note that in contrast to the low intensity staining of the 
cotyledons, the vascular bundles of both the cotyledons and hypocotyl 
stain intensely. 

















of germination and histochemically stained (see section 2,5.9). 
Seedlings germinated in the light or dark appear developmentally 
similar for the first two to three days of germination (see fig 4.8). 
GUS activity, as detected by fluorescence, was also found to be 
similar in light and dark grown seedlings during this period (fig 
4.10). This was also found to be the case for localisation of GUS 
activity by histochemical staining. Staining is detected in specific 
cells of the endosperm and in the cotyledons of the embryo after one 
to two days of germination (fig 4.11.a). In some cases staining was 
detected throughout the endosperm (not shown), Staining reaches a 
maximum in the cotyledons after two or three days (fig 4.11.b>. 
Although the stain was restricted to the cotyledons of the seedling 
in the majority of those which stained, in occasional seedlings 
staining extended a short way into the hypocotyl (fig 4.11.c), 
particularly along the vascular bundles in dark-grown material 
(fig.4.11.d). Staining of the vascular bundles was also observed in 
some wild type seedlings (not shown) which suggests that some 
endogenous factor, rather than GUS activity due to transcription from 
the MS promoter, is responsible. Cells of the endosperm rapidly lost 
the potential to stain after two to three days of germination. In 
light grown seedlings, no staining was observed in those which had 
germinated for more than 	days. Staining was just detectable in 
dark grown seedlings after four days of germination, particularly in 
the vascular tissue of the cotyledons (fig 4.11.d). The absence of 
staining after 	days in light grown, and four days in dark grown 
seedlings probably reflects the relatively low level of GUS activity 
directed by the cucumber MS promoter, which readily falls below the 
threshold required for effective histochemical staining. 
4.10 DISCUSSION 
The results reported in this chapter, of the faithful expression of 
the cucumber MS gene in transgenic plants, verify that the 5119 bp 
BscI fragment, described in detail in chapter 3, encodes a functional 
MS gene. Furthermore, the chimaeric MS-GUS reporter gene studies show 
that the DNA sequences regulating transcription of the MS gene are 
present on a 10 bp promoter fragment. However, there is a 
possibility that other cis-acting elements exist outside the region 
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of the BscI fragment that have a quantitative effect on the level of 
expression since the levels of expression of the transferred MS gene 
in transgenic plants are approximately 10% of those found in 
cucumber. Other plant genes have been reported to behave in a similar 
manner when transferred into heterologous hosts (Willmitzer, 1988). 
This behaviour is usually attributed to neighbouring sequences of the 
random chromosomal insertion site exerting a dominant 'positional 
effect' on the transgene. A second feature of the MS transgene, that 
is also common to other plant genes analysed in this way, is the 
variation in the level of expression amongst independent 
transformants (Willmitzer, 1988; see fig 4.2.c). As is common to most 
transgenes, the variation exhibited by MS transgene expression is not 
related to gene copy number (fig 4.2), which suggests that positional 
effects are dominant. In section 1.3.1.2 the possibility was 
discussed that SAR (scaffold-associated regions)-like sequences, when 
present along with a transferred gene, may result in a functional 
unit, the transcription of which is unaffected by its site of 
integration into the genome. Since transcription of the transferred 
MS gene does appear to be influenced by positional effects then this 
suggests that the 5119 bp BscI fragment containing the MS gene does 
not contain functional SAR-like sequences. 
In order to achieve a synchronised germination of transgenic seed 
batches so that mRNA preparations could be carried out on populations 
of seed at the same developmental stage, it was necessary to imbibe 
the seed in gibberellic acid. Gibberellic acid acts to advance 
germination and induce a general increase in the rate of 
transcription (Northcote, 1986), It is not known whether this effect 
is due to a synchronisation of cellular activity or to a more direct 
effect on the rate of transcription in individual cells. To establish 
the effect of gibberellic acid on the parameters being investigated 
n the present study, MS enzyme assays and GUS fluorescence and 
histochemical assays were carried out on the various developmental 
stages of IV. p1u.mbaginifo1.ia seedlings (fig 4.8) imbibed in the 
presence or absence of the growth hormone, No significant difference 
was observed between the two treatments for any of these assays (not 
shown). This failure to detect an effect of gibberellic acid may be 
due to the fact that comparisons were made between seed batches from 
exactly the same stage of development. These results validated the 
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use of gibberellic acid in the analysis of cucumber MS gene 
expression during germination of transgenic seedlings. 
During germination the enzymes of the glyoxylate cycle become 
prevalent in those seed tissues which contain storage lipid. Detailed 
studies have recently been carried out on the distribution of MS and 
ICL mRNA levels in germinating Brassic5 napus seedlings (Comai et 
al., 1989). In situ hybridisation studies with MS and ICL cDNA clones 
showed that the mRNAs accumulate during late embryogeny and reach 
maximal levels in the cotyledons 2 days after imbibition. Both mRNAs 
were also detected in the axis, being more prevalent towards the 
apical end of the hypocotyl. The detection of MS and ICL transcripts 
in the axis as well as the cotyledons was expected since lipids are 
mobilised in both these seedling parts after imbibition of B. napus 
seedlings (Kubacka et al., 1976). In both cucumber and B. napus seeds 
the cotyledons are the major storage organ, and lipid the major 
reserve. In castor bean seed, lipid is also the major storage 
reserve, but the endosperm, rather than the cotyledons, is the major 
storage tissue and thus the site of lipid mobilisation and MS and ICL 
activity during germination (Northcote, 1986). The spatial 
distribution of MS and ICL during germination therefore appears to 
depend on the distribution of storage lipids in the seed tissue. 
In N p1umbainifo1ia seedlings food reserves are stored in both 
the endosperm and the cotyledons. The mature seed contains a torpedo-
shaped embryo that is completely surrounded by a 3 to 4 cell layer 
thick endosperm. Electron microscopy studies in Nicotiana tabacurn, a 
close relative of N. plumbaginifolia with similar seed morphology, 
have shown that the storage parenchyma cells of the mature endosperm 
and embryo are characterised by large centrally placed nuclei, a 
number of protein bodies and numerous densely-packed lipid bodies 
(Greenwood and Chrispeels, 1985). No information is available on the 
spatial distribution of indigenous MS transcripts in germinating N. 
plumbaginifolia seedlings but the predicted pattern, based on 
location of storage reserves, is that they occur in both the 
endosperm and cotyledons during the period of lipid mobilisation. The 
histological detection of GUS activity (which reflects the activity 
of the cucumber MS promoter) in both the endosperm and cotyledons of 
transgenic N. plurnbaginifolia seedlings is consistent with this 
prediction. In those seedlings which stained, GUS activity was 
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detected in the endosperm and cotyledons after one to two days of 
germination (fig 4.11.a). Expression in specific cells of the 
endosperm, in some of those which stained, was unexpected since the 
cells of the endosperm are thought to be morphologically and 
biochemically similar (Benfey et al., 1989). A recent study of the 
expression pattern conferred on GUS by the CAMV 355 enhancer (Benfey 
et al., 1989) in transgenic tobacco seeds indicates that GUS is 
expressed specifically in cells at the radicle pole of the mature 
endosperm. This pattern of expression is similar to that shown in 
figure 4,11.a. These results suggest that either different gene 
expression patterns exist in different cells of the endosperm or the 
GUS histocheinical staining technique results in staining of specific 
cells. It is possible that the MS-GUS transgene is expressed in all 
the cells of the endosperm, but at different stages of germination. 
Induction of expression may occur initially in endosperm cells near 
the radicle pole (as shown in fig.4.11.a) and then spread throughout 
the endosperm. 
The extension of GUS staining a short way into the hypocotyls of a 
proportion of those seedlings which stained (fig 4,12,c) suggests 
that transcription from the MS promoter also occurs in cells of the 
hypocotyl. As was discussed above, MS and ICL transcripts are present 
in the hypocotyls of B. napus seedlings, but at a reduced level 
compared to that of cotyledons (Comai et al., 1989). The temporal 
distribution of GUS activity (fig 4,11) and cucumber MS transgene 
transcripts in germinating Petunia and N. plurnbaginifolia seedlings 
follows a pattern similar to MS enzyme activity in the wild type 
seedlings (fig 4.5.a and 4.7.e). A similar temporal distribution of 
steady state levels of MS mRNA has been observed in germinating 
cucumber seedlings (Smith and Leaver, 1986). 
The W79 bp MS promoter fragment used in the GUS gene fusion 
experiments contains the non-translated leader sequence and the start 
of translation of the MS gene (fig 4.1), Essentially the same 
mechanism is therefore expected to operate in the initiation of 
transcription and translation of the GUS reporter gene and the 
cucumber MS gene in Nic'otiana plumbaginifolia. The similar pattern of 
expression during germination of the MS gene and the chirnaeric MS-GUS 
reporter gene suggests that mRNA turnover/ stability does not play a 
role in MS gene expression since only the non-translated leader 
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sequence (fig 4.1.d) is common to both transcripts and this is not 
likely to play a role in rnRNA stability. Transcription would 
therefore appear to be the major level at which expression of the MS 
gene is regulated. 
The disappearance of GUS activity from the endosperm after two to 
three days of germination is correlated with the depletion of food 
reserves and eventual dissolution of this tissue. In light grown 
seedlings the rapid increase in GUS activity over the first two days 
of germination is followed by an equally rapid decline as the 
cotyledons green and the seedling becomes photosynthetically 
competent (fig 4,10). This decline in GUS activity suggests that the 
GUS protein is being rapidly turned over in N. plumbaginifolia. A 
rapid increase in GUS activity, as detected by fluorescence and 
histochemical staining, is also observed in dark grown seedlings, but 
instead of decreasing after three to four days of germination, 
activity levels remain elevated (fig 4.10), This phenomenon has also 
been observed for MS enzyme activities in N. plumhaginifolia (fig 
4.7,b) and Petunia (fig 4.5.b) and for the steady state levels of 
cucumber MS transcripts in transgenic N. plumbaginifolia (fig 4.7.a) 
and Petunia (fig 4.5.a) as well as in cucumber (Smith and Leaver, 
1986). The persistence of MS transcript levels and GUS activity 
appears to be associated with the failure of dark grown seedlings to 
become photosynthetically competent. To further characterise this 
phenomenon the use of photosynthesis inhibitors or chlorophyll 
mutants could be employed to establish whether the rapid decline in 
MS gene expression is associated with the onset of photosynthetic 
competence. Alternatively, the decline in MS could be due to a more 
direct effect such as the phytochrome response. Experiments using red 
and far red light during seed germination could be employed to 
establish the effect, if any, of phytochrome. 
The faithful expression of the cucumber MS gene in both Petunia and 
N. plurabaginifolia indicates that the factors involved in the 
transcriptional regulation of the MS gene are highly conserved. This 
ability of foreign genes to be expressed in heterologous hosts is 
common to the majority of plant genes studied and suggests that the 
detailed mechanisms of transcriptional regulation are highly 
conserved during evolution. The detection of GUS activity in the 
endosperm of germinating N. plurnhaginifolia seedlings suggests that 
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the transcriptional machinery is capable of conferring on the cis—
acting regulatory elements of the cucumber MS promoter, a spatial 
pattern of activity similar to that of the host plant. 
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CHAPTER 5 
MALATE SYNTHASE GENE EXPRESSION IN NON-STORAGE TISSUE 
5.1 PREVIOUS EVIDENCE THAT MALATE SYNTIIASE OCCURS IN NON-STORAGE 
TISSUE 
Glyoxysoines have only been reported to occur in the fat-storing 
nutrient tissue of developing or germinating seeds (Beevers, 1979; 
Huang et al., 1983). However, the results reported in chapter 4, 
which demonstrate the presence of MS mRNA in total RNA isolated from 
cucumber petals (see fig 4.5) suggests that glyoxylate cycle enzymes, 
and hence glyoxysomes, might occur in other tissues. A possible 
function for the glyoxylate cycle in petals was not at first 
apparent. 
The role of glyoxysomes in the mobilisation of fatty acids depends 
on the activity of the enzymes of the 0-oxidation pathway for fatty 
acid degradation as well as those of the glyoxylate cycle. Leaf 
peroxisomes contain the complete set of enzymes of the 0-oxidation 
pathway but at specific activities 10 to 100 times lower than those 
in glyoxysomes (Gerhardt, 1987). However the fate of the products of 
the peroxisomal 0-oxidation pathway (NADH and acetyl-00A) is unknown 
in nonfatty tissue, in which the glyoxylate cycle is thought not to 
operate (see Kindi 1987). Petals are specialised leaves and therefore 
may also contain a 0-oxidation pathway in microbodies. The occurence 
of MS in petals was initially assumed to be related in some way to an 
activated -oxidation pathway and raised the possibility that the 
glyoxylate cycle may operate in these organs. 
A recent report by Gut and Matile (1988) on the apparent Induction 
of MS and ICL in detached, senescent barley leaves, was a further 
indication that the glyoxylate cycle In higher plants is not unique 
to seed storage tissue. These workers observed that in dark-induced, 
detached senescing leaf tissue, a large proportion of galactolipids, 
which are the prevailing thylakoidal acyl-lipids of chloroplastp, 
were lost during the initial phase of dark induced senescence and 
this period was characterised by RQ (respiratory quotient = carbon 
dioxide produced / oxygen consumed) values as low as 0.63. This 
suggested that long chain fatty acids were being utilized for 
gluconeogenesis involving glyoxysomal metabolic pathways (RQ values 
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significantly lower than that of 0.71 for total oxidation of fats are 
typical of glyoxysomal respiration, as sucrose, instead of carbon 
dioxide, is being produced). Both MS and ICL were found to appear and 
Increase dramatically up to the sixth day of senescence and 
thereafter decline. When senescence was retarded by exposing leaf 
segments to a 12 h light 	12 h dark photoperiod, the induction of MS 
and ICL, and the mobilisation of galactolipids was also delayed.: 
Senescence in flower parts follows similar patterns of metabolic 
change as found during leaf senescence (Wareing and Philips, 1981). 
Since the cucumber petals containing the MS mRNA transcripts 
represented a population of different ages of tissue it was assumed 
that some of these petals were senescing and would have been 
expressing the MS gene. 
5.2 DETECTION OF MALATE SYNTHASE TRANSCRIPTS IN SENESCENT CUCUMBER 
LEAVES 
In order to establish if the appearance of MS is a common occurrence 
during leaf senescence in higher plants, and if this appearance is 
due to an increase at the level of mR'TA, Northern hybridisation was 
carried out on total RNA isolated from senescing cucumber leaves (see 
section 2.6), Total RNA was isolated from pre-senescent and dark-
induced senescing leaves after 3, 6, and 9 days and hybridised with 
the cDNA probe pBSMS1.9 (fig 5.1). The MS transcript Is not detected 
in presenescent leaves but is present after 3 days of senescence and 
persists at a similar level until day 9. A similar experiment was 
carried out on mature leaves of Petunia and N. plumbaginifolia plants 
containing the MS transgene (described In chapter 4) but the MS 
transcript was not detected in senescing leaves from either of these 
plants (not shown). Failure to detect the MS transgene transcripts in 
these tissues was probably due to them being below the level of 
detection in Northern analysis of total RNA. In cucumber, the level 
Of MS transcripts In senescing leaves is less than 10% that of 3 day 
old cotyledons (fig 5.1), and in trarisgenic plants, transcript levels 
of the MS transgene In germinating seedlings are about 10% those 
found in 3 day old cucumber cotyledons (figs 4.2.c and 4.6,b). 
Senescing leaves and petals of transgenic plants would therefore be 
expected to be expressing the MS transgene at a very low level. 
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5.3. GUS ACTIVITY HI SENESCING TISSUE 
Since the fluorescence assay for the GUS reporter gene system is an 
extremely sensitive means of detecting gene expression (Jefferson 
1987), it was decided to assay senescing leaves of N plumbaginifolia 
plants containing the MS-GUS chimaeric transgene (described in 
section 4.9.1). Leaves from wild type plants and from plants 
containing the chixnaeric transgene with the MS promoter in the 
reverse orientation relative to the GUS coding region did not show 
any induction in GUS activity over a period of 12 days senescence in 
the dark (fig.5.2). The two plants containing the GUS construct with 
the M2 promoter in the correct orientation, which had been shown to 
express GUS in germinating seedlings in a manner similar to that of 
MS (see section 4.9.2) did show an induction of GUS activity in 
senescing leaves (fig 5.2). Induction of GUS activity was not 
apparent until after six days of senescence and increased until at 
least 12 days of senescence. GUS activity was assayed in leaves from 
one plant (PCOR1) during senescence in a 12 h light 	12 h dark 
photoperiod, as well as a 24 h dark photoperiod. This analysis showed 
there to be induction of GUS activity after approximately 6 days 
under both sets of conditions, with those leaves maintained in 
constant darkness showing a greater overall induction. Levels of GUS 
activity in dark induced senescent leaves of two plants, PCOR1 and 
PCOR3, were similar, which is surprising since the level of 
expression of GUS activity is four to five times greater in PCOR1 
during seedling germination (section 4.9.2). 
Attempts to measure fluorescence due to GUS activity in petals at 
different stages of development were unsuccessful due to high levels 
of endogenous glucuronidase (not shown). Histochemical staining of 
both senescing leaves and petals also failed to detect any GUS 
activity presumably because the levels are below the threshold of 
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Figure 5.2 
Fluorogenic analysis of GUS activity In mature and senescing leaves 
from transformed and untransformed N. pluinbaglnifolla plants. GUS 
assays were performed, as described in section 2.6, on mature leaves 
(0 days of senescence) and on leaves 3, 6, 9 and 12 days after the 
induction of senescence. Analysis was carried out on leaves from: 
transformant PCOR1 maintained in the light (open squares), and dark 
(closed squares); transformant PCOR3 maintained In the dark (closed 
circles); transformant PREVB maintained In the dark (closed 
triangles); and untransformed N. plumbaginifolia maintained in the 
dark (closed diamonds). 
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5.4 IS THERE A PEROXISOME - GLYOXYSOME TRANSITION IN SENESCENT 
TISSUE? 
In the present work MS rnRNA has been shown to occur in senescent 
cucumber leaves and in petals. Furthermore, senescent leaves of N. 
pluinbaginifolia have been shown to mediate transcriptional control of 
the promoter of the cucumber MS gene in a manner similar to that in 
cucumber. Taken together with the recent report by Gut and Matile 
(1988), on the apparent induction of MS and ICL activity in senescent 
barley leaves, this work suggests that expression of the glyoxylate 
cycle enzymes during senescence in higher plants may be a general 
phenomenon. If this is the case there may be a per oxisome-glyoxysome 
transition during leaf senescence analogous to the glyoxysome-
peroxisorne transition thought to occur in cotyledons when they become 
photosynthetically competent. 
In section 3.8.2, the possibility that the signalling information 
necessary to direct proteins to peroxisomes and glyoxysomes is 
similar was discussed, and putative peroxisomal targeting signals 
were identified at the carboxy termini of the cucumber MS and castor 
bean ICL proteins. Recently, Mori & Nishimura (1989) have shown that 
pumpkin MS synthesised in an in vitro transcription-translation 
system is trenslocated to peroxisomes isolated from green pumpkin 
cotyledons. It is therefore conceivable that MS and ICL, when 
synthesised in senescing tissue, are transported to the peroxisomes 
thereby resulting in a transition to glyoxysomes. Confirmation of 
this hypothesis will require the isolation and characterisation of 
the microbodies present in senescent tissue. 
5.5 METABOLIC IMPLICATIONS OF GLYOXYSOMAL METABOLISM DURING 
SENESCENCE 
Recovery of nutrients from senescing organs constitutes a valuable 
saving to the rest of the plant. In senescing leaves and other 
organs, acyl hydrolase activity breaks down phospholipid and 
galactolipid membranes to release free fatty acids and glycerol 
(Huang, 1987). If the above hypothesis is correct then liberated 
fatty acids will undergo gluconeogenesis by entering the 
peroxisome/glyoxysome where they will be acted upon by the enzymes of 
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chimaerlc gene may therefore prove to be excellent models for 




6.1 ACTIVATION OF MALATE SYNTHASE GENE EXPRESSION 
The objective of the project to which the present work contributes is 
to define the regulatory mechanisms involved in controlling 
expression of the MS gene. Originally it was thought that the MS gene 
is expressed specifically during germination and so definition of the 
regulatory mechanisms would provide clues about the primary signals 
regulating germination related processes. However, the demonstration 
that the MS gene is expressed during at least three other stages in 
development, as outlined in the following paragraph, suggest that the 
regulatory elements controlling expression of MS may not be unique to 
a specific developmental process but arise as a result of as yet 
undefined parameters at different developmental stages. 
There Is now considerable evidence that activities of glyoxysomal 
enzymes and the corresponding mRNAs appear and rise during late 
embryogeny in maturing oilseeds before they exhibit their dramatic 
increase during seed germination (Allen et al. , 1988; Carnal et al. 
1989; Frevert et al. , 1980; Huang et al. , 1983; Turley and Trelease, 
1987). The precise role of these enzymes during the maturation period 
remains unknown but it is thought that proteins may be produced in 
preparation for germination since the glyoxylate cycle enzyme genes 
are activated and the mRNAs and proteins are stored in dry seeds. The 
second case of MS gene expression that is not associated with the 
early events of germination occurs in seedlings germinated in the 
dark. After the dramatic increase during germination, MS gene 
expression persists at an elevated level as dark grown seedling 
becomes etiolated, whereas in seedlings germinated in the light, 
expression rapidly declines as autotrophism is achieved (chapter 4). 
Results from expression of the chlmaeric MS/GUS reporter gene in 
transgenic plants indicate that the mechanism regulating control of 
the maintenance of MS levels in dark grown seedlings operate, at 
least in part, at the level of transcription. ICL gene expression 
also persists in dark grown seedlings (Weir et al., 1980). Presumably 
the enzymes of the glyoxylate cycle are maintained in dark grown 
seedlings so that gluconeogenesis can operate on remaining oil 
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reserves until photosynthetic competence is achieved. Finally, as was 
detailed in chapter 5, MS gene expression is detected in senescent 
leaf tissue and in petals. MS and the other enzymes of the glyoxylate 
cycle are thought to play a role in the mobilisation of long-chain 
fatty acids from the membranes of cell organelles such as the 
chioroplast during the period of foliar senescence (Gut and Matile, 
1988). 
The association of MS gene expression with lipid mobilisation in 
both germinating and senescing tissue is thought to be regulated 
primarily at the level of transcription (see chapters 4 and 5) 
although post-transcriptional processes may also play a role. Two 
alternative exfJO..-nations may be postulated to explain the activation 
of the MS gene during the various stages of development outlined 
above. First, the single MS gene present in the cucumber genome may 
be regulated through different mechanisms in the embryo, seedling, 
and senescent tissue. Alternatively, the same mechanism may operate 
in all or some of these tissues. For example, expression in the 
embryo and seedling may be controlled by the same mechanism, with a 
different mechanism operating in senescent tissue. It is possible 
that the MS gene is initially activated during embryogeny and remains 
in a transcriptionally competent state through germination and 
postgerminetive growth. Constraints placed upon cells by dessication 
would prevent MS mRNA from becoming prevalent during late embryogeny. 
If this is the case then the physiological signals regulating 
germination-related events operate during late embryogeny. Such 
physiological conditions would also persist in dark grown seedlings, 
resulting in continued expression of the MS gene. Either the same or 
different physiological signals may arise in senescing leaves and in 
petals, and these could trigger the same or different regulatory 
mechanisms controlling MS gene expression. 
6.2 POSSIBLE PHYSIOLOGICAL SIGNALS REGULATING TRANSCRIPTION OF THE 
MALATE SYNTHASE GENE 
Gluconeogenesis, or the synthesis of glucose from noncarbohydrate 
sources, allows some prokaryotes and lower eukaryotes to survive on 
C compounds such as acetate. The glyoxylate cycle plays an important 
role in this process by replenishing the carbon skeletons removed 
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from the TCA cycle. In E. coil the genes for MS and ICL are encoded 
on the glyoxylate operon and both enzymes are inducibly synthesised 
under the metabolic conditions imposed by growth on acetate (Maloy 
and Nunn, 1982; Laporte et al., 1985). In fungi, transfer from growth 
on hexose sugars to growth on acetate leads to induction of high 
levels of ICL activity (Armitt et al. , 1976,), This phenomenon has 
also been observed in Chiorelia fusca, a unicellular green algae 
(McCullough and Tohn, 1972). The mechanism of regulation at the level 
of gene expression has not yet been established in any of these 
organisms but it is clear that metabolic conditions play a role. One 
possible mechanism invokes a role for cAMP as the primary messenger 
in the acetate induction response. When E. coil cells are starved of 
glucose, they respond by increasing Intracelluar levels of cAMP which 
binds to specific receptor proteins in the cell. The cAMP-receptor 
complexes in turn bind, to specific sites on the bacterial DNA, 
thereby enhancing transcription of specific genes that code for 
enzymes that exploit other energy sources in the environment 
(Rickenberg, 1974). 
It is tempting to speculate that the mechanisms used in the control 
of MS gene expression in higher plants have evolved from the 
mechanisms used by unicellular organisms in responding to metabolic 
conditions within the cell. If this is the case, it is possible that 
certain factors, for example, cis-acting elements, trans-acting 
factors or chemical signalling molecules such as cAMP may be 
conserved throughout evolution, even though their role, or their 
interaction with other cellular factors may have changed. A recent 
report on the similarities of prokaryotic and euharyotic cAMP-
responsive promoter elements demonstrates that mammalian and E. coil 
cis-acting elements and trans-acting factors are functionally related 
in terms of binding specificity, even though the mechanism of the 
cAMP-response is quite different in the two systems (Lin and Green, 
1989). In E. coil cAMP acts as the primary messenger (see above) 
whereas in mammalian cells cAMP serves as a second messenger that 
transmits extracellular signals through a pathway involving the cAMP 
dependent protein kinase. Bacteria lack cAMP-dependent protein 
phosphor ylation, which in a regulatory context, seems to have been a 
later evolutionary development. 
In chapter 3 the possible role of a hexameric sequence in the 
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promoter region of the cucumber MS gene, that has identity with a 
cis-acting element (CRE) present in the promoters of some mammalian 
genes and implicated in the response of those genes to cAMP, was 
discussed. In mammalian cells the transcriptional efficacy of the 
trans-acting factor, CREB, that binds to the CRE, is regulated by 
phosphorylation resulting from cAMP-dependent protein kinase A 
activity (Montminy and Bilezikjian, 1987; Yamamoto et al., 1988). 
Several trans-acting factors have recently been isolated from higher 
plants which have structural homology with CREB and recognise the 
same hexameric motif (Katagiri et al., 1989; Tabata et al., 1989). 
Neither phosphorylatlon or cAMP have been implicated in the operation 
of these proteins or in the regulation of the target genes. In 
chapter 3 it was proposed that the hexameric motif in the promoter of 
MS could represent a cAMP motif with cAMP playing a role in 
regulating MS gene expression, even though no known funtion for cAMP 
has yet been established in higher plants. 
The idea that an intracellular cAMP communication system, in which 
cAMP acts as a 'primary messenger' to signal nutritional status in 
the higher plant cell (Newton and Brown, 1986) is appropriate when 
considering the possible role of cAMP in regulating cucumber MS gene 
expression. The energy status of a cell can be represented in terms 
of its adenylate energy charge (AEC) which integrates the ratios of 
ATP/ADP and ATP/AMP in the cell. The energy charge in normal 
metabolising cells is usually in excess of 0.8. The level of ATP in 
dry seeds is extremely low, resulting in an energy charge of less 
than 0.5 (Bewley and Black, 1985). The energy charge increases 
rapidly in imbibed seeds as water is taken up and ATP synthesis is 
activated. In lettuce seeds the energy charge increases slowly over 
the first 10 h from imbibition and then more rapidly to a value of 
approximately 0.8 over the next 20 h (see, Bewley and Black, 
1985). Adenylate energy charges of 0.5 or less are also indicative of 
quiescent and senescent cells (Bewley and Black, 1985). It is 
therefore tempting to hypothesize that transcriptional activation of 
the MS gene occurs when the energy status of the cell falls below a 
certain threshold. The observation by Gut and Matile (1988) that the 
induction of MS and ICL enzyme activities in senescing barley leaves 
is retarded by exposure to a 12 h 	12 h photoperiod compared to 
induction in leaves maintained in permanent darkness, and the 
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observation that MS gene expression persists in dark grown seedlings 
could both be explained by this hypothesis - photosynthesis results 
in the energy levels of the cell being maintained above a certain 
threshold. This hypothesis also predicts that transcription of the MS 
gene during germination is due to it being activated during late 
embryogenesis when the energy levels of the cell fall prior to 
dehydration. However it is possible that additional, germination 
specific factors such as gibberellic acid also operate to either 
maintain the MS gene in a transcriptionally active state or to 
enhance the transcription rate and so result in the dramatic increase 
in MS transcript levels. 
In relation to this hypothesis, it is very interesting to note the 
effect of glucose and cAMP on glutamate dehydrogenase (GDH), an 
enzyme whose activity increases considerably during senescence (for a 
review, see, Lauriere, 1983), Addition of glucose to single cell 
cultures of Asparagus officinalis represses the activity of GDH, 
while the addition of cAMP acts to de-repress the glucose effect 
(Tassi et al., 1984). Taken together, these reports suggest that the 
nutritional status of senescing cells may be Important In regulating 
the activity of GDH and presumably other enzymes involved in carbon 
metabolism. 
Irrespective of the possible involvement of cAMP and the validity 
of the above hypothesis, it is still possible that trans-acting 
factor(s) similar to those recently discovered In higher plants (see 
above) operate in regulating MS gene expression. In this respect it 
will be interesting to see if the transcriptional efficacy of such 
factors from higher plants are regulated by phosphorylation, as their 
is now growing evidence that the reversible phosphorylation of 
proteins in plants is a means by which cellular metabolism is 
coordinated in response to various stimuli (Ranjeva et al. , 1984; 
Allan and Trewavas, 1987), Furthermore, mention of a possible role 
for phosphorylation in the transcriptional control of the MS gene 
immediately suggests that calcium, as the proposed universal 
messenger in plant metabolism, could be involved, since calcium or 
calcium modulator molecules such as calmodulin regulate the activity 
of various protein kinases in higher plants (for a review and further 
refs, see Allan and Trewavas, 1987). 
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6.3 FUTURE WORK 
6.3.1 Identification of cis-acting elements and trans-acting factors 
One of the first objectives of this project is to identify the 
regulatory sequence elements and factors which participate in the 
control of the MS gene. Identification of cis-acting sequences will 
involve mutagenising the 960 bp promoter fragment of the MS gene in-
vitro and examining the effects of the alterations on expression in 
transgenic plants. Site directed mutagenesis of those sequences 
identified as putative cis-acting elements may be particularly 
informative. Isolation and characterisation of the cucumber ICL gene 
would allow a comparison of the ICL and MS gene regulatory sequences 
and may identify elements involved in the apparent coordinate 
regulation of these genes. 
Identification of DNA binding proteins which react with the 
genetically defined regulatory elements would initially involve gel 
retardation and DNA footprinting studies. Isolation of genes encoding 
such trans-acting factors has been a major obstacle in the molecular 
analysis of gene regulation. This has been due mainly to the 
technical difficulty in purifying low-abundance regulatory proteins - 
a step which has been, until recently, essential for the isolation of 
their genes. Recent advances in molecular biology including the 
development of the polymerase chain reaction (PCR) which can be used 
to isolate cDNA fragments from amino acid sequence data (Gonzalez et 
al., 1989; Gould et al., 1989), and a screening technique that 
enables cDNA clones from an expression library to be isolated due to 
the ability of the expressed protein to bind specifically to a cis-
acting element (Singh et al., 1988), have made the isolation of cDNA 
clones of regulatory proteins more straight forward. Potentially, 
either of these techniques could be successful in the isolation of 
proteins regulating transcription of the MS gene. The possibility 
that the cucumber MS gene may be regulated by a member or members of 
a family of regulatory proteins recently discovered in higher plants, 
all of which have homology in a region of basic amino acids, has been 
discussed in chapter 3. By identifying short stretches of highly 
conserved amino acids in the conserved basic region of these proteins 
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it may be possible to use the PCR technique to isolate cDNA fragments 
of mRNAs encoding MS regulatory proteins. These fragments could then 
be used as probes for screening a genomic library for genes encoding 
the regulatory proteins. 
6.3.2 Further characterisation of nialate synthase gene expression in 
senescent tissue 
Future work in this area will involve the further characterisation of 
expression of the MS gene and the MS-GUS transgene in senescent 
leaves. Similar analysis of petals will be carried out in order to 
establish if expression in petals is related to senescence. Studies 
of sequential foliar senescence as it occurs on the plant may provide 
further information on the regulation of MS gene expression. 
6.3.3 The effect of nutritional status on malate synthase gene 
expression 
The use of suspension cell cultures as a means of controlling the 
nutritional status of plant cells may provide information on how 
important this factor is in the control of MS gene expression. 
Preliminary experiments were carried out during the course of this 
thesis, using suspension cells of N. pluznbaginhfolia transformed with 
the chimaeric MS/GUS reporter gene. Cells were cultivated in the 
presence and absence of sucrose in continuous darkness to establish 
if under starvation conditions there is an induction of GUS activity. 
However, all treatments, including wild type control cells, had high 
levels of GUS activity (experiments and results not shown), 
presumably because of endogenous glucuronidase activity in suspension 
cells. An alternative approach is to assay the MS enzyme in 
suspension cell cultures to establish if induction of MS is 
correlated with nutritional status of the cell. The suspension cell 
system may also be useful in establishing if cAMP is involved in the 
induction of the MS gene. The addition of cAMP to the culture medium 
of single cell cultures of Asparagus officinalis reversed the 
'catabolite repression' effect of glucose on glutamate dehydrogenase 
and acid phosphatase (Tassi et al., 1984). It would be interesting to 
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